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A noninvasive biomechanical characterization approach for application to cell 
physiology and developing organs 
Etienne Mfoumou, Ph.D. 
Concordia University, 2012 
The current focus of biomedicine is on the genomics and proteomics basis of disease, 
resulting from changes in biophysical or biochemical properties of living cells. These 
alterations have been commonly viewed as the end-result of the disease process, but 
recent advances in mechanobiology and nanotechnology suggest that cell and tissue 
responses to mechanical or chemical stress may actively contribute to the progression or 
delay of diseases. Meanwhile, current bioassays for investigating these issues are 
invasive, expensive and time consuming. In order to address these limitations, this thesis 
opens a new  avenue on fast, noninvasive and low cost techniques to study the physiology 
of biological systems; these techniques make use of vibration monitoring, ultrasound 
irradiation, spectrophotometry, as well as emerging trends in nanotechnology. 
First, the gene expression profile of human normal bronchial epithelial cells was 
compared with single-wall carbon nanotubes-treated cells, and revealed significant 
changes in the expression of specific genes. This served as a first step in clarifying the 
mechanisms of action and investigating the toxicity in this model. Next, an alternative 
way to assess cell toxicity based on spectrophotometry and the density of cell culture 
medium is presented. Different cell lines and different levels of substrate's physico-
chemical modifications were analyzed. It is shown, using immunocytochemistry that 
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changes in substrate's mechanical properties can trigger cell differentiation and changes 
in phenotype. Spectrophotometry of a micro-volume of the culture medium also allowed 
quantitative assessment of cell toxicity, with no need of cell detachment. Moreover, the 
role of ultrasound on the key genes associated with cell proliferation and invasion was 
investigated. We consistently found that low power ultrasound inhibits cell proliferation 
and cell invasion by down-regulating specific corresponding proteins. We further moved 
from single cells to groups of organized cells and applied an eigenvalue solution 
approach to study the modal parameters of a simplified model of chick embryo. These 
parameters are obtained using both the Mode Indicator Functions (MIF) and an 
implemented inverse problem based on least squares approach using the Prony method, 
even when the mechanical excitation cannot be controlled. This is important for the 
understanding of damages of developing groups of organized cells when exposed to 
vibration or shock. 
Overall, the techniques presented offer the opportunity to minimize the use of invasive 
diagnosis methods while avoiding loss time loss due to repeated investigations of 
different sets of samples. Hence, they provide new avenues for noninvasive 
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CHAPTER 1. INTRODUCTION AND LITERATURE 
REVIEW 
1.1 Brief history and applications 
1.1.1 Introduction 
The morphological, physiological, structural, genetical, biophysical, biochemical and 
antigenic features of the tumoral cells provide the numerous targets for chemotherapy, 
genetic therapy, immunotherapy and biochemical therapy of malignant diseases [1-3]. 
Despite the fact that there has been continuous progress in cancer diagnosis and treatment 
as a result of recent discoveries in cellular and molecular oncobiology, structural and 
functional genomics, proteomics and metabolomics, pharmacogenomics and 
toxicogenomics, antineoplastic treatment is still of little effectiveness [4-8]. One of the 
most significant objectives of contemporary studies consists in improving approaches to 
control the carcinogenesis. In this fight against cancer, chemotherapy is the most 
prominent approach. Meanwhile, it is of little effectiveness because of its negative impact 
on normal cells. Consequently, for improving oncochemotherapy, it is necessary to 
extend research programs on potential new oncolytic agents or therapeutic ways that 
would specifically target tumor cells.  
In light of the above affirmations, supplementary researches have been required in order 
to improve the understanding of cytophysiology and development process of cell 
aggregates. Translational research is an effective key for this purpose and nanoparticles, 
acoustic irradiation, mechanotransduction as well as vibration analysis have been shown 
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to potentiate a better understanding of action mechanisms at cell aggregate, cellular, sub 
cellular and molecular levels. 
1.1.2 Carbon nanotubes and cellular functions in vitro  
Nanomaterials and nanotechnology is in forefront of materials research. Nanotechnology 
involves utilizing materials which possess at least one physical dimension between 1 and 
100 nm to construct structures, devices, and systems that have novel properties. This area 
of research has raised a strongly increasing interest among researchers.  
Indeed, many biological components, such as DNA, involve some aspect of nano-
dimensionality. In the imminent ageing society of the 21st century, nonmaterial have 
been widely investigated for potential application in the medical field [9,10]. In this 
context, the nano-dimensionality of nature has logically given rise to the interest in using 
nanomaterials to prepare scaffolds for tissue engineering. These materials have the 
potential to induce a significant impact on tissue engineering [11-14]. Carbon nanotubes 
(CNTs), one of the most representative nonmaterial, with unique electrical, mechanical, 
and surface properties, were first reported in the year of 1991 and up to now appear well 
suited as a biomaterial [14-29]. Its popularity is illustrated in Figure 1-1 below; the figure 
presents the total number of articles covered by SCI shown as a rough measure for the 











Several other studies have been carried out on the interaction between CNTs and a 
variety of cells including osteoblasts, showing CNTs to be excellent substrates for 
cellular attachment and growth [30-38]. An important feature of functionalized CNTs (f-
CNTs) is their high propensity to cross cell membranes, allowing their use for the 
delivery of therapeutically active molecules [39]. For instance, Liu et.al. [40] have 
described attaching RNA to CNTs, which enter T cells and deliver the RNA and when 
placing T cells in a solution of CNT-RNA complex, receptor proteins on the cell surfaces 
went down by 80 percent. 
Despite the significance of studies on this topic, there is a clear discrepancy in the 
literature about CNTs uptake mechanisms (phagocytosis, diffusion and endocytosis). 
These discrapencies are attributed to the differences in chemical and physical properties 
of tested nanotubes (degree of dispersion, formation of supramolecular complexes and 
Figure 1-1 Time dependent number of articles Left: Dealing with fullerenes, nanotubes, 
and graphene (Source: SCI and CPCI-S under WoS). Right: Dealing with nanotubes and 





nanotube length). Meanwhile, it has been recently demonstrated that their uptake seems 
to be independent of functional groups on CNT surface [41]. Further findings related to 
the clarification of CNTs' mechanisms of action and investigation of toxicity are 
presented in this thesis. 
1.1.3 Spectrophotometry in cell biology 
A study of the interaction of light (or other electromagnetic radiation) with matter is an 
important and versatile tool for the physicist. Indeed, much of our knowledge of chemical 
substances comes from their specific absorption or emission of visible light. Therefore, 
absorption spectrophotometry has been a widely used technique in analytical chemistry 
based on the property of molecules to absorb light at specific wavelengths.  
A spectrophotometer consists of two instruments, namely a spectrometer to produce light 
of any selected color (wavelength), and a photometer to measure the intensity of light. 
The instruments are designed so that the liquid sample can be placed between the 
spectrometer beam and the photometer, which delivers a voltage signal to a display 
device. This signal changes as the amount of light absorbed by the liquid sample changes. 
A typical block diagram of a single beam spectrophotometer is illustrated in Figure 1-2. 
The prism serves as the dispersing device while the monochromator refers to the 
dispersing device (prism), entrance slit, and exit slit. The exit slit is moveable in the 
vertical direction so that those portions of the power spectrum produced by the power 










In the infrared range, FTIR spectroscopy is a vibrational spectroscopic technique that has 
been used to optically monitor the molecular changes associated with diseased tissues. 
This technique aims at finding more conservative approaches to measure characteristics 
within tumor tissue and cells, yielding accurate and precise assignment of the functional 
groups, bonding types, and molecular conformations. It has the advantage of being 
relatively simple, reproducible, non-destructive to the tissue, and only small amounts of 
sample with a minimum sample preparation are required. Moreover, expensive reagents 
are avoided and due to the longer wavelength of IR compared to UV or visible radiation, 
it penetrates to a greater depth and is absorbed with less scattering by the tissue or cells. 
The frequency band in IR technology is given in units of reciprocal centimeters (cm
-1
) 
rather than hertz (Hz), because the numbers are more convenient. The reciprocal 
centimeter is the number of wave cycles in one centimeter; whereas, frequency in cycles 
 




per second or Hz represents the number of wave cycles in 3x10
10
 cm (distance covered 
by light in one second). Wavelength units are in micrometers or microns (µ) instead of 
nanometers for the same reason. Attempts to apply this technology to biology began as 
early as the 1910s, when the use of IR spectroscopy for the analysis of biological samples 
was first suggested. By the late 1940s, the technique was being successfully explored for 
investigation of biological materials and therefore, has become an accepted method to 
characterize biomolecules [42]. A wide range of biological studies have been covered by 
FTIR analysis. In the study of cervix, Wood et al. [43] reported on FTIR spectroscopy as 
a biodiagnostic tool for cervical cancer. In their study, the spectra of the normal epithelial 
cells illustrated intense glycogen bands at 1022 cm
-1
 and 1150 cm
-1
, as well as a 
pronounced symmetric stretch at 1078 cm
-1
. This study demonstrated the potential of the 
automated FTIR cervical screening technology in the clinical setting. The same group 
carried out an FTIR micro spectroscopic investigation of cell types and potential 
confounding variables in screening for cervical malignancies [44]. They found that 
leukocytes, and particularly lymphocytes, have spectral features in the phosphodiester 
region (1300 - 900 cm
-1
), which suggests changes indicative of malignancy. Sindhuphak 
et al. [45] also screened 275 cervical cell samples of Thai women undergoing 
hysterectomy and compared the results to histology. FTIR results versus histology 
showed sensitivity of 96.3% and specificity of 96.4%, whereas false-negative and false-
positive rates were respectively 3.7 and 3.6%. Another study has been conducted by 
Mordechai et al. [46] based on formalin-fixed melanoma and cervical cancer to detect 
common biomarkers that occur in both types of cancer, compared to the respective non-
malignant tissues. In this study, the spectra were analyzed with a target on biomolecules 
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such as RNA, DNA, phosphates and carbohydrates. they found that carbohydrate levels 
showed a good diagnostic potential for detection of cervical cancer. On the other hand, 
variation of the RNA/DNA ratio as measured at 1121/1020 cm
-1
 showed similar trends 
between non-malignant and malignant tissues in both types of cancer, with a higher ratio 
for malignant tissues.  
In the study of lung, Wang et al. [47] investigated lung cancer cells in pleural fluid and 
showed significant spectral differences between normal, lung cancer and tuberculous 
cells. The most considerable differences were found in the ratio of peak intensities of 
1030 and 1080 cm
-1
 bonds, which mainly originate in glycogen and phosphodiester 
groups of nucleic acids. Yano et al. [48] have focused on direct measurement of human 
lung cancerous and non-cancerous tissues for the assessment of the efficiency of using 





, originating from glycogen and cholesterol, were exceptionally useful factors 
in discriminating cancerous tissues from non-cancerous ones. Yang et al. [49] 
investigated tumor cell invasion and compared the FTIR results with histology. They 
generated mapping images of a three-dimensional artificial membrane made of collagen 
type I (one of the main components of basal membranes of the lung tissue), and validated 
with standard histological section analysis. The FTIR image produced using a single 
wave number at 1080 cm
-1
, corresponding to PO
-
2 groups in DNA from cells, correlated 
well with histology, which clearly revealed a cell layer and invading cells within the 
membrane. Moreover, the peaks corresponding to amide A, I and II in the spectra of the 
invading cells shifted compared to the non-invading cells; this may relate to the changes 
in conformation and heterogeneity in the phenotype of the cells. Their data demonstrated 
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that FTIR can be used as a fast and reliable technique in the assessment of tumor invasion 
in vitro. 
Other applications of FTIR analysis covered in the literature deal with breast [50,51], 
gastrointestinal tissue [52-55], brain [56-58], prostate [59,60], colon [61-64], and others 
[65-73]. However, little is known in the literature on the use of cell culture media, instead 
of the cells directly, to address these issues, making up one of the targets of this work, 
presented later in the thesis. 
1.1.4 Physico-chemical substrate modification for in vitro cell growth 
The first idea on how cells surrounding environment, the ECM, affects the cellular 
adhesion and motility is to investigate the effect of chemical or biological changes. 
Several studies in the literature focus on how substrate mechanical changes influence 
cellular adhesion and motility [74-77]. These works have allowed explaining the impact 
of substrate mechanical properties in many fundamental biological processes such as 
embryo-genesis [78], phagocytosis [79-82], or metastases development [76,83]. However 
nanosized chemical domains, which are present in the local cellular environment, can be 
difficult or expensive to produce and their effects on cellular behaviour have not been 
widely studied. One versatile and easy to implement method for producing such 
nanosized features on different types of substrates is plasma lithography. This technique 
makes use of low energy plasma modification to spatially change the surface chemistry 
of a substrate. Exposed to typical air (or oxygen) plasma interacting with the polymer 
substrate, the cell contacting surface becomes hydrophilic and presents altered functional 
groups which can then have the effect of being more amenable to cell growth [84,85]. 
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This technique has been used, among other applications, to pattern surfaces for self 
assembly of nanoparticles and proteins [86,87], as well as cells [88,89]. 
In a cross disciplinary approach, the effects of cross-linker concentration and curing time 
on PDMS rigidity, and the effect of different plasma treatments on PDMS surface 
hydrophobicity was recently investigated [90]. This study showed that adequate tuning of 
the PDMS surfaces physical chemistry can control the fibroblast adhesion and 
morphology, and this is in direct relation to tissue modelling and reorganization. 
1.1.5 Acoustic and vibration of cells, similarities with developmental 
biology 
Ultrasound is a mechanical wave with periodic vibrations of particles in a continuous and 
elastic medium at frequencies above 20 kHz. In liquids, its velocity (about 1000 to 1700 
m/s) translates into wavelengths of the order from micrometers to centimeters. As a 
consequence, the acoustic field produced cannot couple with energy at the molecular 
level. Therefore, US can be perceived as a safe approach with a good tissue penetrating 
ability, which is an excellent feature from a clinical point with a prompted extensive 
evaluations for medical purposes [91]. This technique has been in routine use for 
diagnostic imaging of soft tissue. Therapeutic applications have been related to the 
thermal effects caused by US absorption hyperthermia and thermal ablation. The 
interaction of US with liquid is known to be accompanied by the phenomenon of 




Unlike thermal applications of US, the therapeutic use of the non-thermal effects have 
been less studied, although cavitation causes chemical reactions (sonochemistry) and 
these reactions might have some biological implication in vivo. However sonochemistry, 
while exhibiting unique features, shares some characteristics with combustion and 
radiation chemistry [92]. Moreover, sonodynamic therapy approach is based on the 
synergistic effect of US and sonosensitizers; this effect can be localized by focusing the 
US on a well defined region and choosing compounds with tumor-affinity [93,94]. This 
study has led to a review on the ability to enhance drug cytotoxicity with US that enables 
efficient but localized effects on a pathological region, with minimal damage to 
surrounding healthy tissue [95]. Other recent studies of US approaches for targeted drug 
delivery and nonviral gene transfection has revealed new possibilities [96-98]. These 
studies used contrast agents to facilitate delivery and suggested that US delivery resulted 
from cell sonoporation. Using voltage-clamp techniques, Pan et al. [99] obtained real-
time measurements of sonoporation of Xenopus oocyte (commonly used cell for 
electrophysiological recordings) in the presence of Optison (an agent consisting of 
albumin-shelled gas bubbles). Indeed, US increased the transmembrane current as a 
direct result of decreased membrane resistance due to pore formation, and they 
discovered that the resealing of cell membrane following US exposure required calcium 
ions entering the cell through US-induced pores. 
Other works are reported in the literature based on pulsed FUS (pFUS). This technique, 
despite utilizing relatively high intensities (1000-2000 W/cm
2
), uses non-continuous 
exposures that lower the energy deposition rate while allowing cooling to occur between 
pulses, thereby minimizing thermal effects and enhancing effect created by non-thermal 
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mechanisms [100,101]. This technique has shown promise for a variety of applications 
including drug and nanoparticle delivery, but little is known about the effects these 
exposures have on tissue, specifically with regard to cellular pro-homing factors (growth 
factors, cytokines and cell adhesion molecules). Consequently, Burks et al. [102] 
examined changes in murine hamstring muscle following pFUS and demonstrated that it 
has little effect on the histological integrity of muscle and does not induce cell death. 
Meanwhile, the observed molecular changes in muscle were found to potentially be 
utilized to target cellular therapies by increasing homing to areas of pathology. A 
representative result of their work is shown in Figure 1-3. Blue represents DAPI-stained 
nuclei and green represents TUNEL-positive nuclei. No apoptotic nuclei were observed 
following pFUS or in untreated control muscle at the same time points. However, several 










Figure 1-3 Effect of FUS on apoptosis.  
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In order to further the understanding of living cells, researchers have focused on 
developmental biology in the literature. This branch of biology covers the total 
development process from the zygote to the adult with special focus on the embryo, 
because the embryo is a transition between genotype and phenotype [103]. In 1892, the 
French biologists Lobstein and Recamier speculated the concept of the embryonic origin 
of tumours. In 1970s, Pierce [104] proposed a theory based on cancer as a developmental 
biology and pointed out that tumourigenesis concerned intimately with developmental 
biology in a large extent. With the recent advances in the fields of developmental 
biology, molecular biology, tumour immunology and experimental embryology, it 
appears that the development of early embryo shares many similarities with cancer 
development with regard to both biological behaviours and molecular basis [105,106]. 
This has promoted the merging of developmental biology and cancer biology. As such, 
the co-culture of early embryos and cancer cells is an important means to observe the 
biological behaviour changes of either embryos or cancer cells in vitro. Zhang et al. [107] 
co-cultured mouse embryo with malignant tumor cells, investigated the development of 
blastocyst by observing the hatchment, attachment and outgrowth. Then they observed 
the changes of cancer cells in the embryonic circumstances, and detected the proliferation 
and apoptosis of cancer cells. They found that the embryos developed normally in the 
tumor environments, and the rate of hatchment, attachment and outgrowth increased 
significantly. They also observed that under the co-culture system, the early embryo 
developed normally, as well as the cancer cells. They concluded that there may be 
similarities between the embryos and cancer cell's choice of living. Other papers reported 
in the literature deal with migration and invasion [108], gene expression and protein 
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profiles [109], signaling pathways [110,111], cell differentiation [112], the mechanism of 
immune escape [113], and others. These can all be related to the techniques presented in 
this thesis, toward a better understanding of concepts in developmental biology. 
1.2 Thesis motivation 
The multidisciplinary approach adopted in this thesis is focusing on the synergistic 
interaction between mechanical engineering, cellular physiology and developmental 
biology that is expected to lead to substantial scientific progress toward the understanding 
of cancer treatment. With respect to fundamental research, this thesis is placed in the 
context of a lack of knowledge on the influence of nanoparticles as well as ultrasound 
irradiation on the protein content and potential differentiation of adherent cells. 
Ultrasound extends over almost ten orders of magnitude of the acoustic frequency range, 
most of which is unexplored in biology. The understanding of the effect of CNTs on cells 
is important because nanomaterials have promise in medicine, such as acting as vehicles 
to deliver drugs to specific cells or to specific locations in the human body. By fully 
understanding their interaction, the scientific community will be able to conceivably 
design products that heal cells rather than harm them or the inverse. This motivation also 
applies to the understanding of the effect of cellular transduction by changing the 
substrate mechanical or chemical properties in vitro, mimicking the in vivo ECM.  
The thesis emphasizes the importance of mechanotransduction on the understanding of 
cellular physiology and developmental biology. Spectrophotometry of cell culture media, 
direct US exposure of cancer cells, vibration analysis and modal parameters extraction 
are used as high-sensitive tools to characterize and induce changes in biological samples. 
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Consequently, new methods of non-invasive diagnostics and therapy can be developed 
based on the above acquired knowledge. 
Overall, a better understanding of the interactions between mechanical engineering and 
biology as envisaged in this thesis may help tease out a connection between molecular 
vibration, cellular dynamics and gene expression. This important view may promote the 
intersection between developmental biology and cancer biology (tuned by engineering 
techniques) with twofold implications. On one hand, it enlightens researchers to study 
cancer from the perspective of developmental biology, which may reveal brand-new 
diagnostic and therapeutic targets for cancer. On the other hand, it suggests that 
researchers may envision embryo development as a process of tumour initiation and 
progression and incorporate decades of accumulation of models and theories on cancer 
into the investigation of embryogenesis, thus enhancing our in-depth understanding of 
this process in our life history. As such, there is a great deal of potentially relevant 
translational research directions in these applications, dealing with the interfaces of 
mechanical engineering with medicine and life science. Therefore, this thesis explores 
some of the new avenues in such a cross-disciplinary field of research. 
1.3 Thesis objective and scope 
The main purpose of this thesis is a prenormative research in the area of engineering non-
invasive approaches for triggering, then monitoring and characterizing cells toward the 
understanding of their metabolism. The work herein presented makes use of standard 
biological assays, ultrasound excitation of cells, spectrophotometry of the cell culture 
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medium, plasma lithography, and cell culture substrate mechanoregulation to address the 
following specific objectives: 
(i) The effectiveness of a non-invasive cell conditioning approach to the understanding of 
cancer biology; 
 (ii) The effectiveness of performing a micro-volume analysis of cell culture medium 
(instead of milli-volume analysis nowadays) to understand cellular metabolism; 
(iii) The importance of mechanical properties estimation on the understanding of cellular 
and developmental biology; 
(iv) The formulation of an inverse problem to mechanical parameter extraction of cell 
aggregates. 
1.4 Methods 
1.4.1 Cellular mechanotransduction  
The mechanism by which mechanical forces influence cellular biochemistry and gene 
expression is obviously difficult to envision, because of the micro-size of cells. In fact, it 
does not involve a classic coupling between stimulus and response as, for example, in the 
case of hormonal stimulation, where no molecular signal is present prior to the stimulus 
and the relevant receptor binding sites are unoccupied. In the presence of hormone 
stimulus, it binds to its receptor and initiates an intracellular signaling response. In 
contrast, due to cell shape determined through a balance of mechanical forces [114,115], 
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any mechanical stimulation that impinges on an adherent cell is acting on a pre-existing 
force balance (pre-stress). This pre-stress in the cell was reported in the literature to be 
able to govern the response to mechanical stimulus [116,117].  
In the case of adherent cells as used in this thesis, forces applied at the macroscale 
(through radiation force, mechanical vibration, or substrate stiffness change) will also 
result in changes in cytoskeletal biomechanics on the micro scale. These changes 
originating from the ECM will not transfer forces equally on the surface of neighbouring 
cells. Instead, a tug on the ECM will be felt by the cell via its focal adhesions and hence, 
via its transmembrane integrin receptors that link to the cytoskeleton. By mechanically 
stimulating integrins on the surface membrane of cultured cells, these cells respond by 
increasing recruitment of focal adhesion proteins and mechanically adjust themselves 
against additional stress [118,119]. By applying the same stress to other transmembrane 
receptors that do not mediate cell adhesion, there is very little or no response. This is 
illustrated in Figure 1-4 below. The phase-contrast image of a rat cardiac fibroblast plated 
on a large grid pattern is shown in (a); the cell creates distortions (arrowheads) by 
applying force to the elastomer (Young's modulus = 18 kPa). The same cell as in a 10 
minutes after BDM-induced relaxation is shown in (b), emphasizing the recovery of the 
regular grid pattern. Moreover, the phase-contrast image of a contracting cardiac myocyte 
plated on elastomer with embedded photo resist pattern of dots (Young's modulus = 19 
kPa). The dots can be clearly seen even under thick parts of the cell. The arrowheads and 
the magenta dots underline the pinching action of the contraction on the elastomer. The 










A similar approach is used in this thesis to monitor specific proteins associated with cell 
proliferation and cell invasion.  
1.4.2 Acoustic conditioning of cells: interaction mechanism 
The analytical derivations presented in this sub-section and the next one are shown for 
illustrating the interaction mechanism of cells with an acoustic field. Indeed, for 
considering the acoustic conditioning of cells used in this thesis towards a potential 
therapeutic method, it is important to ensure that the temperature rise caused by the 
absorption of ultrasound by cells is within safe limit. By using standard polystyrene tissue 
culture plates, the energy of the ultrasonic beam is first traveling through the culturing 
plate before reaching the cells. Some of the primary energy is absorbed locally through 
 
Figure 1-4 Cells plated on the patterned elastomer create distortions [118] 
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polystyrene (by various mechanisms including viscous shearing effects and relaxation 
processes), and this may lead to heating.  
Neglecting the path length (1mm) of sound beam through the polystyrene wall as a 
transmitting medium as well as nonlinear effects such as the influence of the glue 
attaching the transducer to the bottom of the culturing plate (all of which would make the 
influence on cells even lower), the acoustic pressure amplitude in the ultrasonic beam at a 
distance x from a point at which it is p0 (surface of the transducer) is given by [120]: 
axepxp 0)(         (1.1) 
where a is the amplitude attenuation coefficient. 
 In relation to the heating potential of an ultrasonic beam, it is more useful to rewrite the 
previous equation in terms of the energy flux crossing an area in a specified time, 
representing the intensity )( 2p : 
axeIxI 20)(         (1.2) 
Where 0I  is the intensity at the point 0x . 
The attenuation coefficient is expressed as the sum of the scattering coefficient sa and the 
absorption coefficient giving: 
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saa         (1.3) 
To a first approximation, the amount of heating is determined by the magnitude of . 
The literature reports measured values of to be between 60 and 90% of the total 
attenuation coefficient for different tissues
 
[120]. It is also known that for soft tissues, the 
attenuation coefficient increases linearly with frequency for the frequency range used in 
medical ultrasound (250 kHz – 2 MHz for regional generation of heating and mechanical 
changes in biological tissues, and 2-18MHz for ultrasonography). Moreover, it appears 
from equation (1.2) that the energy lost by absorption from a beam of intensity I crossing 
a sample (cell) of thickness 10µm is I002.0 . Thus, if there is no heat loss from the 
absorbing volume, the rate of temperature rise 
dt
dT





002.0        (1.4) 
where ρ is the density, and Cm is the specific heat per unit mass. 












, where f is the frequency in 




C would be 
anticipated for a 400-kHz, 1-W cm
-2
 and 2-MHz, 1W cm
-2
 respectively continuous 
exposure during 100 s (in case of no frequency sweep), which is far below the 
temperature rise that would be considered potentially dangerous (e.g. 1-2
o
C), as reported 
by von Schulthess and Smith [121]. In real tissue, heat would be carried out of the sample 
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volume by convection and conduction, and the final temperature rise would always be 
less than that predicted by equation (1.4). This disqualifies heat as a leading mechanism 
behind the observation made under the given experimental conditions, but also shows 
that the result obtained represents a real biological effect whose relevance in vivo 
requires careful consideration. The observation would be the same if cells were exposed 
to pulsed waves, since this type of wave produces less heat than continuous waves. Thus, 
thermally induced bioeffects are unlikely to be significant when cells are exposed to 
ultrasound intensities of the order considered in our investigation when suspended in 
poorly absorbing liquids in vitro.  
1.4.3 Acoustic conditioning of cells: numerical analysis with Burger's 
equation 
When a finite amplitude wave propagates in biologic tissues, the nonlinear effects should 
be considered, including the second harmonic generation, wave distortion and shock 
wave. The Burger’s equation, an ideal tool for this purpose, is a fundamental partial 
differential equation of the form [122]: 
               (1.5) 
This equation describes the evolution of the field u=u(a,b) under nonlinear advection and 
linear dissipation. It occurs in various areas of applied mathematics and is used in this 
work for analyzing the acoustic field in the cell culture medium because of its simplicity 
and predictable dynamics. The challenge is to resolve the sharp gradients/shocks when 
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sound propagates at small and vanishing viscosity and accurately track their evolution. 














        (1.6) 
Where u is the sound field, ε is the nonlinear parameter, co is the sound speed in the 
medium, τ is the time, x is the distance in the sound field, ρo is the density of the medium, 
and b is the viscosity. In this form, the equation enables to study in detail various effects 
that appear in the propagation of waves in dissipative media with a quadratic 
nonlinearity. 
Equation (1.6) is remarkable in that it can be linearized and reduced to the form of an 
ordinary differential equation of heat conduction. Hence, it is possible to follow the 
propagation of an initial disturbance of arbitrary form. However, we will consider in this 
work how the disturbance, given at the input in the form of a harmonic wave, behaves in 
a situation of small inertial forces in the medium (small values of the Reynolds number).  























       (1.7) 
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shx is the distance at which a shock wave appears; A is the amplitude of the propagating 
wave, and its angular frequency. 






        (1.8) 
Neglecting the nonlinear term in equation (1.6), the linearized form of this equation with 











        (1.9) 
for which the solution is given in the form: 
       (1.10) 
which can be written as: 
sinZeV          (1.11) 
Using successive approximation method for analytical solution, we seek a solution in the 
form: 
...)2(2)1( VVV        (1.12) 
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Restricting ourselves to problems of the second approximation, we consider the following 
















      (1.13) 
The solution of the upper equation in (1.13) is already known as: 
sin)1( ZeV         (1.14) 










      (1.15) 
We further search for a solution in the form: 
sin)()2( ZBV         (1.16) 
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1         (1.18) 
Substituting (1.18) into (1.17) we get: 
4
1
2C         (1.19) 
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0 10 CB Z        (1.21) 
We end up with the following expression: 
4
42 ZZ ee
B         (22) 
Figure 1-5 shows the curve which illustrates the path of the amplitude B of the second 
harmonic, generated by the first one as a function of the distance Z. The amplitude of the 
second harmonic increases initially according to a linear law, due to the nonlinear 
pumping of the energy from the wave of fundamental frequency, and then begins to fall 
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off, due to the predominating effect of dissipative processes [122]. In the context of the 
investigation in this thesis, the second harmonic generation is evidently negligible, at a 







Let us now investigate whether a shock wave will be generated or not within the region 
of interest in our experimental setting (distance corresponding to the size of a cell). A 
shock wave is generated when a high harmonic becomes maximum. From equation 






       (1.23) 
In physical parameters, the distance at which the second harmonic generated by the first 
one is maximum is therefore given by: 
 
Figure 1-5 Amplitude of the second harmonic (B) generated by the first one for 











x         (1.24) 
Equation (1.24) is plotted in Figure 1-6 showing that at 600 kHz, shock wave occurs at a 
distance of  185 m; at 1.2 MHz, shock wave occurs at a distance of  45 m; thus, 
extrapolating from equation (1.24) shows that an excitation frequency of 200 MHz is 
required to generate a shock wave at a distance 1.5 mm, approximate distance from the 
surface of the transducer to the substrate surface on which cells adhere. Therefore, our 
chosen excitation frequency range is within a safe limit.  
 
Figure 1-6 Frequency dependency of the amplitude of the second harmonic. 


















1.4.4 Cell culture substrate stiffness variation and measurement 
The PDMS used in this work is a liquid bi-component silicone pre-polymer, Sylgard 184 
manufactured by Dow Corning (Midland, MI).  The substrate stiffness can be controlled 
by the base (pre-polymer) to hardener (curing agent) ratio, determining the cross-linker 
agent concentration in the PDMS solution. The solutions were mixed in sterile conditions 
and degassed, then poured into cell culture dishes to a depth of about 1 mm. Other key 
parameters for manipulating the mechanical property are temperature and curing time. As 
these parameters are closely linked, we choose to cure the PDMS substrates at a constant 
temperature of 75
o
C for 2 hours.  
For the measurement of the stiffness of the fabricated substrates, we used a Digital 
Instruments Nanoscope III Multimode to indent the sample with an AFM tip, a three- 
sided pyramid blunt indenter mounted on a stiff steel cantilever. The nanoindentation test 
consisted of applying a load (F) on the indenter and subsequently removing the load. 
According to the procedure described by Cappella et al. [123], the AFM piezoelement 
was ramped up until the contact between the sample and the tip was observed. From this 
point, a further piezo displacement z provoked the cantilever to bend of a quantity δ thus 
applying a load: 
           (1.25) 
where k is the normal elastic constant of the cantilever. The nanoindentation then took 




           (1.26) 
The piezo displacement z and the cantilever deflection δ were then recorded in order to 
obtain a common F vs. p force curve from equations (1.25) and (1.26), from which the 
stiffness of the substrate was estimated. The tip-sample system showing how the actual 
distance is obtained is illustrated in Figure 1-7, where p is the actual tip-sample distance, 
Z is the distance between the sample and the cantilever rest position. These two distances 
differ because of the cantilever deflection δc and because of the sample deformation δs. 
 
Figure 1-7 The tip-sample system. Spectrophotometry techniques 
Spectrophotometry technique is considered a comprehensive and sensitive method for 
detection of molecular changes in samples. This technique is used in this thesis to show 
the difference between fresh and conditioned culture media after cell cultivation. The cell 
culture media used typically contain D-Glucose (4.5g/L), sodium bicarbonate (1.5g/L), 




When a monochromatic light passes through a sample, there is a quantitative relationship 
(Beer’s Law) between the solute concentration and the intensity of the transmitted light, 
that is, 
kclII 10*0          (1.27) 
where I0 is the intensity of transmitted light using the pure solvent, I is the intensity of 
transmitted light when the colored compound is used, c is concentration of the colored 
compound, l is the distance the light passes through the solution, and k is a constant. The 
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where k is a new constant and T is the transmittance of the solution. In the UV range, 
NAC as well as the absorbance of both the cell culture media and its nucleic acid were 
considered. Analysis of 1 µl sample was achieved, without the need for cuvettes or 










In the near (14000 to 4000 cm
-1
) and middle (4000 to 400 cm
-1
) IR ranges, the optical 
throughput (percent of energy reaching the detector) was used to quantitatively 
differentiate media from different incubation times and cell types. The Perkin Elmer 
Spectrum BX FT-IR spectrometer was used for sample collection and testing. The 
Spectrum BX can operate in ratio, single-beam, or interferogram mode. In order to 
analyze the collected media, radiant beams are divided, an optical path difference 
between the beams is generated, and the beams are recombined in order to produce 
repetitive interference signals. These signals contain Infra-Red spectral information 
generated after passing through the samples and are measured as a function of the optical 
path difference by means of a detector.  
The liquid sample was sandwiched between two plates of a high purity salt of calcium 
fluoride. These plates are transparent to the infrared light and do not introduce any lines 
into the spectra. The path length (the Teflon foil spacer’s thickness) was 20 µm. Useful 
wave number range of this window material is 50000 to 1000 cm
-1
. The transmission 
spectra were recorded in the wave number ranges 4000 to 1000 cm
-1
 and 7000-4000 cm
-1
 
with a resolution of 4 cm
-1
. The digitization interval was 2 cm
-1
. The beam splitter used 
was made of KBr. The source was a MIR (Multiple Internal Reflectance) laser and the 
detector a DGTS (Deuterated Triglycine Sulfate) photodetector. The experimental 










1.4.5 Basic cell culture and experimental process flow 
The cells were thawed following standard recommendations as follow: 
 The vial was removed from liquid nitrogen and transferred to 37oC water bath. 
 While holding the tip of the vial, it was gently agitated, being careful not to allow 
water to penetrate the cap. 
 When completely thawed, the content of the vial was transferred to 15 mL test 
tube. 
 10 mL of warm complete media was slowly added and the tube was spun at 
1200g for 5 minutes. 
 
Figure 1-9 Experimental arrangement of FTIR spectroscopy. 
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 The media was decanted and the pellet resuspended in a volume of complete 
media appropriate for flask. 
 The flask was incubated at 37oC and 5% CO2. 
 Cells were checked the following day for an estimate of viability. 
The basic proliferation assessment by cell counting and the FTIR analysis of the culture 
media were performed following the process flow shown in Figure 1-10 and described 
below: 
(1) The cells preparation was performed in a biosafety cabinet. 
(2)  The cells were transferred to an incubator and kept at 37
o
C and 5% CO2. 
(3a) The culture media are extracted and transferred to 15 mL tubes. 
(4a) A gradient separation is performed in order to isolate dead cells. 
(5a) The sample to be tested is then collected and, 
(6a) FTIR measurements are performed. 
(3b) The cells are washed with PBS, then trypsinized in order to detach them. 
(4b) The solution is transferred to 15 mL tubes, then spun to separate the pellet. 
(5b) Cells are resuspended in 10 mL fresh medium. 
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(6b) Cell counting is performed using a standard haemocytometer under microscope. 
 











Figure 1-11 illustrates the flow process of experimentation on cells cultured on PDMS 
substrates. The steps are as follows: 
(a) The PDMS base and curer ratio is prepared depending on the substrate stiffness 
required, then mixed and poured in a culture dish. 
(b) The mixture is cured at 75
o
C for 2 hours on a hot plate. 
(c) The substrate is exposed to air plasma for 10 minutes at 1000 mT. 
(d) The treated substrate is covered, exposed to a low power UV irradiation for further 
sterilization, then used for plating cells. 
(e) & (f) Cell counting as well as spectrophotometry of the extracted culture media are 
then performed for interpretation. 
All of these methods will help coherently making up the overall thesis contribution 
described below. 
1.5 Thesis contributions 
The main contribution of this thesis applies to interfaces of engineering with micro-
biomedicine, addresses the reduction of both experimental time and cost, and is threefold. 
First, the thesis suggests, as illustrated in Figure 1-12, the proof of concept of a novel 
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approach of cancer cell proliferation assessment that is non-invasive, allows continuous 
cell growth monitoring of the same cell population by displaying the absorbance level, 
enables monitoring under different other cell conditioning methods (US, CNTs, substrate 
stiffness variation, etc.), and it is applicable only to the cell culture media. Although 
FTIR mainly deals with nonaqueous samples due to strong absorption bands of water 
[124-126], the technique is shown (in this thesis) to allow quantitative estimation of 
different samples, or the same sample at different treatment levels, in terms of total 
energy reaching the detector.  
Second, with respect to fundamental research, the thesis proposes the first investigation 
that categorizes the gene targets of SWCNTs in primary normal lung cells using gene 
expression through microarray analysis. The comprehensive identification and profiling 
of gene expression affected by these nanoparticles is established and validated, making 
this application a systematic approach toward gene marker identification. Moreover, the 
proposed low power US exposure of cancer cells helps understanding the mechanisms of 
invasion and proliferation more clearly and thus, provide information relevant to cancer 
therapy. 
Last but not the least in cell conditioning, this thesis reveals that the physicality of the 
ECM substrate govern cell behavior regardless of hormones, cytokines, or other soluble 
regulatory factors. Indeed, local alterations in ECM substrate influencing cell adhesion 
appear to drive regional changes in cell growth and neuroblastoma transdifferentiation. 
These applications of engineering techniques to biology offer a beneficial platform for 
innovative biomedical applications and the results are useful in the discovery of new 
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materials and technologies which are potential therapeutic agents for chronic and fatal 









Further, moving from single cells to groups of organized cells, the thesis proposes an 
inverse problem formulation for modal parameters extraction of a 4 DOF mimicking 
early chick embryo model. It is demonstrated that the exact modal parameters of the 
chick embryo model can be obtained using both the Mode Indicator Functions (MIF) and 
a least squares approach using the Prony method, even when the mechanical excitation 
cannot be controlled. These estimators are presented as a promising modal indicator and 
parameter estimation technique, contributing to limit the cost of experiments at such a 
 
Figure 1-12 Experimental arrangement and typical result of a real time 
continuous  assessment of cell growth in the middle infrared range. 
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small scale as in the investigation of embryo development. This is important for the 
understanding of the dynamics of morphogenetic processes, the biomechanics of tissues, 
the design of implantable medical devices and the biomaterials used in their fabrication. 
This approach is being extrapolated to the understanding of biological samples behaviour 
at cellular level, using the frequency resonance hypothesis. 
1.6 Thesis organization in the manuscript-based format 
This thesis is organized in eight chapters. In the present chapter, an introduction about 
cells conditioning with nanoparticles, a US field, and ECM manipulation, as well as 
spectrophotometry in cellular biology are briefly presented in order to avoid repetition in 
subsequent chapters (published articles from this thesis). The similarities between cellular 
biology and developmental biology, from a mechanical engineering prospect, are also 
presented. This is followed by the motivation, the scope and objective, the methods used, 
and the contribution of this thesis. Chapters 2 to 5 are duplicated from four published 
journal articles. Chapters 6 and 7 are duplicated from two submitted journal articles. 
These chapters are organized in a cohesive manner to address the specific objectives of 
the thesis, defined in Section 1.3, and formatted according to the "Thesis Preparation and 
Thesis Examination Regulations (version 2011)" of the School of Graduate Studies at 
Concordia University. In the duplicated articles, sections, figures, tables and equations 
are numbered according to the thesis preparation regulations. A single comprehensive 
reference list rather than individual articles reference list is adopted in the References 
section. In chapter 8, a general conclusion of the thesis is given, together with a suggested 
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conceptual design of a micro-device capable of handling the techniques presented in this 
work. 
 
Chapter 2 is based on the following article published in Nanomedicine [127] 
Alazzam A, Mfoumou E, Stiharu I, Kassab A, et al. Identification of deregulated genes by 
single wall carbon nanotubes in human normal bronchial epithelial cells. Nanomedicine 
2010 Aug; 6(4):563-9. 
To identify genes affected by single-walled carbon nanotubes (SWCNTs) in human 
normal lung cells, we compared the gene expression profiles of untreated human normal 
bronchial epithelial (HNBE) cells to profiles of HNBE cells treated with SWCNTs. A 
complementary DNA microarray analysis consisting of 54,675 human genes revealed 
marked changes in the expression of 14,294 genes, with 7,029 genes being up regulated 
and 7,265 being down regulated. This comprehensive list of genes included those 
associated with cell cycle, apoptosis, cell survival, cell adhesion and motility, signal 
transduction, and transcription regulation. Additional analysis of 19 genes using reverse 
transcription-polymerase chain reaction (RT-PCR) confirmed the microarray analysis. 
More specifically, our study demonstrates to our knowledge for the first time, evidence 
that 9 of the 19 genes (most of which encode cell apoptotic, signal transduction, and 
transcription regulator products) are up regulated in the SWCNTs-treated HNBE cells as 
compared with untreated cells, whereas the remaining 10 of the 19 (involved in cell 
adhesion and motility, cell proliferation, and cell survival) are down regulated in 
SWCNTs-treated HNBE cells in comparison with untreated controls. These findings 
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provide a large body of information regarding gene expression profiles associated with 
SWCNTs exposure in human lung bronchial epithelial cells, and also represent a source 
to investigate the mechanism of the effect of SWCNTs in human normal lung cells. From 
the clinical editor: In this study, the gene expression profile of human normal bronchial 
epithelial cells was compared with single-wall carbon nanotubes-treated cells. A cDNA 
microarray analysis consisting of 54,675 human genes revealed significant changes in the 
expression of 14,294 genes, with 7,029 genes being up-regulated and 7,265 being down-
regulated. This serves as a first step in clarification of mechanisms of action and to 
investigate toxicity in this model. 
Chapter 3 is based on the following article in press in Medical Hypotheses [128]. 
Etienne Mfoumou, Narayanswami Sivakumar, Ala-Eddin Al Moustafa, and Ion Stiharu. A 
new concept to measure cell proliferation using Fourier transform infrared spectroscopy. 
Medical Hypotheses 79:171-173, 2012. 
In our laboratory, we recently developed a new technique to study cell proliferation that 
is based on infrared spectro-photometry and the density of cell culture medium. The fluid 
exchange between intra and extra cellular environments is the key to our method. Using 
this technique, we found that cell proliferation assessment may be performed much faster 
than presently existing methods, using two separate pieces of equipment (a cell culture 
incubator and an interferometer). We confirmed the viability of our method using five 
different cell lines, breast cancer cells (BT20), mouse normal embryonic fibroblast (NEF) 
as well as those expressing E6/E7 onco-proteins of human papillomavirus (HPV) type 16, 
and a human cervical cancer cell line (HeLa). Based on our findings, we propose the 
design of a mini-incubator allowing cell culture as well as infrared spectra collection of 
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the culture medium, as an accessory to the FTIR work bench, which would become a 
promising arrangement for continuous cell proliferation monitoring. Moreover, the use of 
the collected culture medium will be highly efficient in terms of reducing both 
experimental time and cost. 
Chapter 4 is based on the following article in press in Clinical Cancer Investigation [129] 
Mfoumou E, Stiharu I, Narayanswamy S, Al Moustafa AE. Low Power Ultrasound 
Inhibits Cell Proliferation and Invasion of Human Cancer Cells in Vitro. Clinical Cancer 
Investigation Journal, 2012, 1(2):51-6. 
The role of low power ultrasound waves on the key genes associated with cell 
proliferation and invasion was investigated in vitro on breast (BT20 and BT20-E6/E7) 
and cervical (HeLa) cancer cells. The cells were plated and incubated both with and 
without ultrasound exposure, and proliferation as well as invasion assays were performed 
to investigate the outcome of ultrasound irradiation. Western Blot was then performed to 
study the expression pattern of some selected genes associated with the effect of 
ultrasound on these cancer cells. Fluorescence Activated Cell Sorting (FACS) was finally 
performed to examine the effect of ultrasound on cell cycle progression. We found that 
low power ultrasound inhibits cell proliferation and provoke G0-G1 cell cycle arrest and 
reduction of S as well as increasing G2-M phase of HeLa cells in comparison with the 
wild type cells. This is accompanied by a down-regulation of Cdk-6 (cyclin dependent 
kinase) which is a major control switch for the cell cycle. Moreover, low power 
ultrasound inhibits cell invasion via down-regulations of Id-1, Caveolin and EGF-R 
which are widely considered main regulators of cell invasion and metastasis of human 
carcinomas cells. Our results suggest that low power ultrasound applied to human breast 
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and cervical cancer cells could be an effective method to reduce cell proliferation and 
invasion of these cancers. 
 
 
Chapter 5 is based on the following article in press in Spectroscopy Letters [130]. 
Etienne Mfoumou, Sivakumar Narayanswamy, Ion Stiharu, and Ala-Eddin. Al Moustafa. 
On the feasibility of an in vitro noninvasive absorbance-based cell proliferation analysis 
technique, using cell culture media. In press. Spectroscopy Letters, 2012. ID: 686143 
DOI:10.1080/00387010.2012.686143. 
The preliminary results of a study on the applicability of using spectrophotometry of the 
culture medium toward understanding of cells response to different environments is 
reported. The cells are cultivated on polydymethylsiloxane (PDMS) substrates, and 
physico-chemically manipulated by varying the substrate stiffness and the dose of surface 
plasma treatment. By growing cervical cancer (HeLa) cells on PDMS with varying 
stiffness and plasma treatment levels, we tested the hypothesis that the influence of 
substrate stiffness and treatment can be detected through the spectrophotometry of a 
micro volume of cell culture medium. The results imply an opportunity of using the 
spectrophotometry of culture media with an integrated minimal sample retention system 
as a practical and non-invasive alternative to traditional bioassays requiring cells 
detachment. 
Chapter 6 is based on the following article submitted to Cells and Materials [131]. 
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Etienne Mfoumou, Ion Stiharu, Sivakumar Narayanswamy, and Ala-Eddin. Al Moustafa. 
Elasticity-triggered biological responses of SH-SY5Y neuroblastoma cells in vitro. Under 
review, Biomedical Materials and Engineering, 2012. 
The cellular adhesion and polarization have direct implications in the tumoral-metastatic 
cells development or in tissue engineering mechanisms. The properties of cells 
surrounding environment play a role in this matter and this work aims at investigating the 
influence of substrate mechanical properties on neuroblastoma transdifferentiation, 
adhesion and polarization. The method is based on modifying bulk rigidity and surface 
energy of PDMS substrate. We obtained a wide range of substrate rigidities and turn 
them to hydrophilic with an air plasma treatment. An immunocytochemistry test is 
performed and a correlation between bulk rigidity, cell adhesion, cell polarization and 
cell growth is shown. 
Chapter 7 is based on the following article submitted to Mechanics of Research 
Communications [132]. 
Etienne Mfoumou, Ion Stiharu, Jean Atangana Ateba, Sivakumar Narayanswamy, and 
Ala-Eddin. Al Moustafa. Mechanical vibration analysis and its application to modal 
parameters estimation in early avian embryo. Under review, Mechanics of Research 
Communications, 2012. 
Mechanical forces play an important role during early embryo development. Although 
physical and mechanical properties of organs are available in the literature for different 
stages of growing chick embryos, the modal parameters of each organ remain largely 
unknown. A simplified model of 4 degrees-of-freedom (DOF) mass-spring-damper 
(MKC) system made of the body (limb), the liver, the heart and the brain is considered in 
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this paper. A data set of material parameters corresponding to a stage 14 chicken embryo 
development is obtained from the literature. An eigenvalue solution approach using 
frequency response function matrices is applied to study the mechanical vibrations of the 
system. We demonstrate that the exact modal parameters of the chick embryo model can 
be obtained using both the Mode Indicator Functions (MIF) and a least squares approach 
using the Prony method, even when the mechanical excitation cannot be controlled. 
These estimators are presented as a promising modal indicator and parameter estimation 
technique, contributing to limit the cost of experiments at such a small scale as in the 
investigation of embryo development. Therefore, our study can help illuminating the 
mechanical vibration analysis of incubated eggs and its relation to embryogenesis. This is 
important for the understanding of the dynamics of morphogenetic processes, the 
biomechanics of tissues, the design of implantable medical devices and the biomaterials 
used in their fabrication. 
Chapter 8 presents the general conclusion of the thesis and suggests future works. 
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CHAPTER 2. The effect of carbon nanotubes on living cells: 
application to human normal bronchial epithelial (HNBE) 
cells 
This chapter presents a large body of information regarding gene expression profiles 
associated with SWCNTs exposure in human lung bronchial epithelial cells. This work is 
based on an article published in Nanomedicine [127], and covers the objective (i) of the 
"Thesis objective and scope" in section 1.3. 
2.1 Introduction 
Carbon nanotubes (CNTs) offer exciting opportunities for science and applications. In 
recent years CNTs research has become established as a highly interdisciplinary field to 
exploit their outstanding features [133]. Conceptually, single-walled carbon nanotubes 
(SWCNTs) are considered as small strips of graphene sheets that have been rolled up to 
form perfect seamless single walled nanocylinders. CNTs have the added advantage of 
being potential nanofluidic devices for controlled drug delivery [133,134]. 
Great interest has been generated in fullerenes in general, but especially in CNTs and 
carbon nanohorns as biologically compatible materials and drug carriers mainly because 
of their distinct architecture, hollow interior, and cage like structures. However, the small 
size, large surface area, and high reactivity of these materials are the main factors for 
potential toxicity [135]. Moreover, CNTs will have widespread applications in many 
technological fields; thus, worker-consumer exposure is likely to occur, posing emerging 
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health concerns [135,136]. Initial toxicological studies demonstrated that pulmonary 
deposition of SWCNTs or multiwall carbon nanotubes causes acute pulmonary 
inflammation as well as chronic responses such as fibrosis [137,143]. 
These studies suggest that CNTs may induce toxicity in normal bronchial epithelial cells. 
However, how CNTs provoke susceptibility to the toxicity and pulmonary inflammation 
is not clear. Thus, genome-wide monitoring of gene expression is important to understand 
the extent of the effects of CNTs. 
To this end we have carried out a complementary DNA (cDNA) array analysis using 
Affymetrix probe sets complementary to approximately 54,675 human genes, to monitor 
the levels of expression within human normal bronchial epithelial (HNBE) cells treated 
with SWCNTs and within unexposed cells. We identified a comprehensive list of genes 
that are differentially expressed between cells treated with SWCNTs and in untreated 
control cells; the majority of these genes have, to our knowledge, been identified for the 
first time as targets of the effects of SWCNTs. We believe that our data reveal the 
complex nature of the genetic changes after the accumulation of SWCNTs in human 
normal lung cells. 
2.2 Methods 
2.2.1 HNBE cells and SWCNTs preparation 
Primary HNBE cells were obtained from Lonza Group (Shawinigan, Quebec, Canada). 
Cells were seeded on plastic dishes and fed every 48 hours with keratinocyte Serum-Free 
Medium supplemented with 5 mg/100 mL of bovine pituitary extract (Invitrogen Canada 
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Inc., Burlington, Ontario, Canada). At 80% to 90% confluence the cells were trypsinized 
with 0.05% Trypsin in 0.53 mM ethylenediamine tetra acetic acid and reseeded at a ratio 
of 1:3. These cells had doubling times in approximately 4 days, being shorter in early 
passage than late passages before senescence after eight passages. The purified SWCNTs, 
which are composed of more than 90% carbon, were obtained from Sigma-Aldrich 
(Oakville, Ontario, Canada). SWCNTs were dissolved and diluted to a concentration of 1 
mg/mL stock in 1× phosphate-buffered saline. The particles were vortexed for 1 minute 
and then indirectly sonicated (Hielscher Ultrasonic, Ringwood, New Jersey) for 10 
minutes at 4°C immediately before preparing treatment dilutions into serum-free and 
growth factor–free medium. The dilutions were again vortexed before being added to the 
cells at 60% to 70% confluence; the cells were incubated with a final concentration of 0.1 
mg/mL SWCNTs. This concentration was selected based on the studies of Simon-
Deckers et al. [144] and Tabet et al. [145] on the effect of SWCNTs in vitro. 
2.2.2 Cell morphology, growth, and viability analyses 
Cells (1 × 106 per milliliter) were plated in 100-mm dishes in their regular medium 
(untreated cells) or containing 0.1 mg/mL of SWCNTs for 2 days. Cell morphology 
analysis was subsequently performed using an inverted phase-contrast microscope. For 
cell growth and viability assay the cells were collected by trypsinization, washed, and 
counted after 2 days using trypan blue exclusion and a haemocytometer. These analyses 
were repeated three times. 
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2.2.3 RNA isolation and microarray analysis 
Total RNA was extracted with TRIZOL (Invitrogen Canada Inc.) according to the 
manufacturer's instructions. Biotinylated probes for microarray analysis were prepared 
using 10 μg of total RNA as described below. The total RNA was mixed with 100 pmol 
of T7- (T) 24 primer (Genosys, San Diego, California) and denatured for 10 minutes at 
70°C, then chilled on ice. First-strand cDNA synthesis was performed using Superscript 
II reverse transcriptase (Life Technologies, Toronto, Ontario, Canada), and second-strand 
synthesis was performed using DNA polymerase I, Escherichia coli DNA ligase, and 
RNase H (Invitrogen Canada Inc.). The biotinylated probe was prepared from the entire 
cDNA reaction using the ENZO Bioarray High Yield RNA Transcript Labeling Kit 
(ENZO Diagnostics, Toronto, Ontario, Canada). Incubating the purified probe in 1× 
fragmentation buffer for 35 minutes at 95°C reduced the average probe length. 
Hybridization was performed at 45°C for 20 hours using 15 μg of biotinylated probe. 
Following hybridization, the non-specifically bound probe was removed by 10 low- 
tringency washes and four high-stringency washes performed using a GeneChip Fluidics 
Station 400 (Affymetrix). Specifically bound probe was detected by incubating the arrays 
with Streptavidin Phycoerythrin (SAPE) (Molecular Probes, Eugene, Oregon) and 
scanning the chips using a GeneArray Scanner (Hewlett-Packard, San Diego, California). 
The scanned images were analyzed using the GeneChip Analysis Suite 3.3 (Affymetrix), 
and the statistical analysis of our microarray data was performed using FlexArray 
software (http://www.affymetrix.com/index.affx). 
2.2.4 Reverse transcription–polymerase chain reaction (RT-PCR) 
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RT-PCR amplification was performed using primer sets for Rho GTPase 26, microtubule 
2, GTP-binding protein 2, protein phosphatase 1, interleukin receptor 1, inhibin beta E, 
growth differentiation factor 15, forkhead a2, activating transcription factor 3, serpin 
peptidase inhibitor 4, chemokine 11, interferon 1, kinesins (14, 15, and 20A), leupaxin, 
cyclin B1, repetin, hyaluronan-mediated motility receptor, and glyceraldehyde 3 
phosphate dehydrogenase (GAPDH) genes (Table 2-1).  
 




GAPDH was used to control the amounts of cDNA generated from each sample. 
Synthesis of the first-strand cDNA was carried out using a cDNA kit for RT-PCR (MBI 
Fermentas, Toronto, Ontario, Canada). One fifth of the RT product was amplified for 30 
cycles (1 minute at 95°C, 1 minute at 58°C, and 1 minute at 72°C) followed by an 
extension of 7 minutes at 72°C. RT-PCR amplification products were analyzed on a 1% 
agarose gel stained with ethidium bromide; the RT-PCR analysis was repeated three 
times for each gene. 
2.3 Results 
Identification of differential gene expression between HNBE cells treated with SWCNTs 
and HNBE wild-type (control) cells is the basis for a comprehensive understanding of the 
effect of SWCNTs in human lung cells, as these differences are likely to represent the 
coordinated alteration of critical pathways involved in the regulation of cell proliferation, 
apoptosis, and cell survival. We reasoned that using HNBE cells would be the best way 
to study the effect of SWCNTs in human normal lung cells. Therefore, we treated HNBE 
cells with 0.1 mg/mL of SWCNTs for 48 hours, as described in the Methods section. This 
concentration was determined following multiple trials, and was chosen in order to see 
the long term effect of SWCNTs in HNBE cells. In the absence of treatment, HNBE cells 
displayed an epithelial phenotype, and formed a monolayer of well-organized cells. In 
contrast, and as indicated in Figure 2-1, A, treatment with SWCNTs led to a phenotypic 
conversion from epithelial to fibroblast-like phenotype. Cells became more elongated and 
larger in appearance, and showed a decrease in cell-cell contact in comparison with 
untreated cells; this was accompanied by an inhibition of cell proliferation and cell death 
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(Figure 2-1, B), showing SWCNTs presence within their cytoplasm. HNBE-treated cells 
(T) were compared with their control untreated-cells (U). The cell proliferation and 
viability were assessed by morphology analysis using an inverted phase-contracst 
microscope and trypan blue exclusion assays as described in the Methods section. Data 






We used the cDNA array technique to identify genes that are differentially expressed in 
HNBE cells treated with SWCNTs in comparison with HNBE wild-type (untreated) cells. 
Figure 2-2 shows a scatter plot of the differential expression of the 54,675 genes in 
HNBE cells treated and untreated with SWCNTs. Overall we identified 14,294 genes out 
of 54,675, which are regulated differently between matched treated and untreated cells.  
The full list of those commonly deregulated genes is available as supplementary 
information on our website (http://concave.concordia.ca). A total of 7,029 genes, with 
intensity ratios between 1.0 and 8.0, were up regulated, whereas 7,265 genes were down 
regulated with ratios between –8.0 and –1.0. Thus, 12.8% of the 54,675 genes were over 
 
Figure 2-1 Effect of single-walled carbon nanotubes (SWCNTs) on cell morphology, cell 
proliferation, and viability in human normal bronchial epithelial (HNBE) cells after 2 
days of treatment with 0.1 mg/mL of SWCNTs.  
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expressed and 13.2% were under expressed in the SWCNTs-treated cells. It is therefore 
notable that the expression levels of 74% of all genes studied in this experiment did not 
differ between SWCNTs-treated and untreated cells. 
 
Figure 2-2 Representative scatter plot complementary DNA (cDNA) microarray analysis 
of HNBE cells treated and untreated with SWCNTs. HNBE-SWCNTs treated cells, 0.1 
mg/mL for 48 hours (y-axis) and untreated cells (x-axis) of each sample were labeled and 
hybridized to the cDNA microarray. 
The altered genes included those associated with cell cycle, apoptosis, cell survival, cell 
adhesion, signal transduction, and transcription regulation (Tables 2-2 and 2-3). In 
general, most of the genes that are over expressed in SWCNTs-treated cells encode cell 
apoptotic, signal transduction, and transcription regulator products, whereas those genes 
that are under expressed are involved in cell adhesion and motility, cell proliferation, and 




Among these groups of genes, we subsequently focused on selected genes involved in 
apoptosis, cell cycle, cell survival, cell adhesion, and cell motility; therefore, we 
investigated the expression of 19 selected genes from these groups by RT-PCR (Figure 2-
3). The total RNA used in this study was obtained from treated and untreated cells 
harvested from two separate experiments conducted in the same conditions and 
representing passage number 3 from two different batches of the same cell line. As 
expected from the array analysis, 9 of the selected genes (Rho GTPase 26, microtubule 2, 
GTP-binding protein 2, protein phosphatase 1, interleukin receptor 1, inhibin beta E, 
growth differentiation factor 15, forkhead a2, and activating transcription factor 3) were 
Table 2-2 Representative list of overexpressed genes 
in HNBE cells treated with SWCNTs when compared 
with untreated cells.* 
Table 2-3 Representative list of underexpressed genes 
in HNBE cells treated with SWCNTs when compared 
with untreated cells.* 
* The full list of genes is available on our website (http://concave.concordia.ca) 
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found to be up regulated, whereas the other 10 selected genes (serpin peptidase inhibitor 
4, chemokine 11, interferon 1, kinesins (14, 15, and 20A), leupaxin, cyclin B1, repetin, 
and hyaluronanmediated motility receptor) were down regulated in SWCNTs treated cells 
versus untreated cells at the RNA level (Figure 2-3 and Supplementary Figure S1, A and 
B in the online version of this article; Tables 2-2 and 2-3). 
2.4 Discussion 
This investigation, to the best of our knowledge, is the first microarray study on the effect 
of SWCNTs on HNBE cells. In this study we identified marked changes in the expression 
of 14,294 genes, with 7,029 genes being up regulated and 7,265 being down regulated. 
The majority of these genes are discovered for the first time to our knowledge as targets 
of SWCNTs exposure in human normal bronchial cells. It has been reported elsewhere 
that SWCNTs can provoke alveolar macrophage activation, chronic pulmonary 
inflammation, and granuloma formation in mouse models [146]; the investigators of this 
study used Affymetrix microarrays to explore the molecular effects on the macrophages 
when exposed to SWCNTs. They found that SWCNTs are able to activate various 
transcription factors such as nuclear factor kappa B (NF-κB) and activator protein 1 
(AP1), which can lead to the induction of protective and antiapoptotic gene expression in 
these cell models. In our study we found that the NF-κB is slightly down regulated in 
HNBE cells treated with SWCNTs; however, we did not find the gene encoding AP1 on 
our list of genes. Although, our preliminary data show that SWCNTs provoke cell 
apoptosis of HNBE cells through the activating transcription factor 3 and transcription 
factor 15 and probably other transcription factors such as activating transcription factors 
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2 and 7 (unpublished data). On the other hand, Cui et al. [147] examined the effect of 
SWCNTs on the HEK293 cell line (human embryonic kidney cancer cells) using a small 
oligo-based microarray analysis related to cell cycle, cell apoptosis, and signal 
transduction; they identified genes such as those encoding cyclins A1, A2, C, D1, D3, 
G1, and G2; Cdks 2, 3, 4, and 6 of the cell cycle; and p16, Bax, Hrx, Bak1, p53, and 
TGFβR1 of cell apoptosis, as well as Mad2, Jak1, Ttk, Tyk2, Pa2g4, and early growth 
response 1 of the signal transduction group) as being differentially expressed in HEK293 
kidney cancer cells treated with SWCNTs in comparison with untreated cells. Herein we 
report for the first time to our knowledge a complete list of gene targets of SWCNTs in 
HNBE cells, and we confirmed the deregulation of the majority of genes reported in the 
study of Cui et al on HEK293 cells (the full list of genes is available on our website: 
http://concave.concordia.ca). Moreover, in this study we show for the first time to our 
knowledge that protein phosphatase 1 is over expressed in HNBE SWCNTs-treated cells 
compared with untreated cells. This gene has an important role in growth arrest and DNA 
damage, and it is known to be correlated with cell survival [148-150]. Moreover, the 
activating transcription factor 3 gene was found to be up regulated in SWCNTs-treated 
cells. This gene has been reported to have an important role in cell apoptosis and 
carcinogenesis [151,152]. In addition, the interleukin receptor 1 gene is over expressed in 
HNBE cells treated with SWCNTs; this gene participates in cell signaling of airway 
inflammation through its activation by interleukin 33 [153,154]. On the other hand, 
treatment of HNBE cells with SWCNTs induces a down regulation of the hyaluronan-
mediated motility receptor gene, which is involved in cell motility and cell growth 
[155,156]. Other important genes are reported to be down regulated, in this study, in 
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SWCNTs-treated cells as compared with untreated cells. This includes the chemokine 11 
gene, which is part of cell signaling and motility [157,158]. Kinesin family members (14, 
15, and 20A) were all found to be under expressed in SWCNTs-treated HNBE cells. 
These genes are correlated with cell proliferation, cell cycle, and trafficking [159-161]. 
Accordingly, our study is the first investigation to our knowledge to categorize the gene 
targets of SWCNTs in primary human normal lung cells using microarray analysis. 
 
Figure 2-3 Validation of microarray data by reverse transcription-polymerase chain 
reaction (RT-PCR) on HNBE cells treated with SWCNTs (T) and their corresponding 




In conclusion, the comprehensive identification and profiling of gene expression affected 
by SWCNTs in HNBE cells as reported in this study will add to our understanding of the 
mechanism of the effect of SWCNTs in human health, especially for the respiratory 
system. As other studies with new equipment and substances such as cell phones and 
microwaves have noted [162-164], we believe that this systematic approach toward gene 
identification will be useful in the discovery of the real effect of new materials and/or 
technologies on human health. 
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CHAPTER 3. A novel approach of noninvasive cell 
proliferation assessment using Fourier transform infrared 
(FTIR) spectroscopy 
Presented in this chapter is the UV spectroscopic investigation of cell culture media 
toward cell growth analysis. The work is based on an article published in Medical 
Hypotheses [128]. It covers the objective (ii) of the "Thesis objective and scope" in 
section 1.3. 
3.1 Introduction 
The quantification of cellular growth by analyzing their proliferation rate has become an 
essential tool in any laboratory working on cell-based studies. Such a technique enables 
not only the optimization of cell culture conditions, but also the determination of growth 
factor and cytokine activity. Moreover, the efficacy of therapeutic agents in drug 
screening, the cytostatic potential of anticancer compounds in toxicology testing, and 
even cell-mediated toxicity can be assessed when quantifying cell growth. Cell 
proliferation assays also permit the study of the effect of certain genes on cell growth 
regulation and differentiation in cell biology. These analyses are largely used in cancer 
research to explore the effect of several oncogenes as well as new drugs in vitro. For the 
purpose of measuring cell proliferation or enumerating cells, fluorescent stains, such as 
light-scattering, are often used [165]. More importantly, methods for counting cells and 
quantifying cell proliferation are becoming valuable diagnostic tools in various areas of 
biological research. Presently, most cell proliferation assays estimate the number of cells 
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by measuring total nucleic acid or protein content of lysed cells [166,167]. However, the 
sensitivity of the existing fluorescent dyes allows the detection and quantification of cells 
only under certain circumstances related to their migration to the target site [168-172]. 
On the other hand, infrared spectroscopy has proved to be a powerful tool for the study of 
biological molecules and the application of this technique to biological problems. This 
area of research is continually expanding, particularly with the advent of increasingly 
sophisticated sampling techniques associated with FTIR spectroscopy in recent decades. 
Biological samples including animal tissues, microbial cells, and clinical samples have all 
been successfully studied for the characterization of isolated biological molecules, 
particularly proteins and lipids [173]. We developed a new technique to study cell 
proliferation that is based on FTIR and the density of cell culture medium. We confirmed 
the viability of our technique using the BT20 breast cancer cell line and NEF cells and 
those expressing E6/E7 onco-proteins of HPV type 16, which grow faster than their wild 
type cells. Using our method, we found that the gap between the two line spectra shows 
the difference in medium density between wild type cell lines and those expressing E6/E7 
onco-proteins (Figures 3-1a and 3-1b). A total of 10
6
 cells were initially incubated in 
2mL of growth medium; the higher the cell proliferation rate, the higher the transmission 
spectrum was. This observation was related to the rate of cellular proliferation and is 
confirmed using traditional cell counting techniques (Figure 3-1c). Moreover, we were 
able to assess the cellular proliferation ability of the HeLa cell line using our new 
methodology (Figure 3-1d): 10
6
 cells were initially incubated in 2 mL of growth medium. 
The shift of the spectrum first up, then down, illustrates the need of fast and continuous 
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monitoring of changes in the culture medium during incubation, for a better 












In this technique, we used two separate pieces of equipment: a cell culture incubator and 
an FTIR machine. Herein, we propose the integration of the cell culture incubator into the 
FTIR machine in order to use it as a new methodology to study cellular proliferation. 
3.2 The hypothesis 
We developed a new technique to study cellular proliferation; our technique is based on 
infrared spectro-photometry and the density of cell culture medium using two separate 
pieces of equipment: an FTIR spectrometer and a cell culture incubator. In this paper, we 
 
Figure 3-1 (a) and (b) Transmission spectra of the culture media after 48 hours 
incubation of BT20, BT20-E6/E7, NEF, and NEF-E6/E7 in the 7000-5200 cm-1 near 
infrared range. (c) Confirmation by cell counting. (d) Single beam spectra of empty 




hypothesize the possibility of combining, simultaneously, the operations of culturing cells 
and analyzing progressive changes in the medium with infrared technology, for assessing 
the rate of cell proliferation or the effectiveness of specific drugs on cell growth in vitro. 
Therefore, we firmly believe that the design of a tissue culture mini-incubator, with an 
overall size small enough to fit into the FTIR workbench while allowing continuous 
irradiation of the culture medium only, is a promising tool in medical research especially 
cell biology. Schematic arrangement of the experimental setup is shown in (Figure 3-2). 
3.3 Evaluation of the idea 
In our experiments, we used human breast cancer cells (BT20) and mouse (NEF) as well 
as those expressing E6/E7 onco-proteins of HPV type 16 and a human cervical cancer 
cell line (HeLa) which expresses E6/E7 onco-proteins of HPV type 18. All cell lines were 
grown in RPMI medium (Gibco, Grand Island, NY) supplemented with 5% Fetal Bovine 
Serum (FBS; Gibco). Cell cultivation was performed either in 100 ml dishes with 6ml 
volume of growth medium, containing 1x106 cells or in 6 wells cell culture plates 
(Corning Incorporated, Corning, NY) with 2ml volume of growth medium containing 
1x106 cells; these were then incubated at 37oC in 5% CO2 atmosphere, and the growth 
media were collected for analysis. 
The Perkin Elmer Spectrum BX FT-IR spectrometer was used for sample collection and 
testing. In order to analyze the collected media, radiant beams were divided, an optical 
path difference between the beams was generated, and the beams were recombined in 
order to produce repetitive interference signals. These signals contained Infra-Red 
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spectral information generated after passing through the samples and were measured as a 
function of the optical path difference by means of a detector. 
The results obtained thus far correlate with cell counting and existing knowledge on 
E6/E7 oncogenes which promote cell proliferation (Figure 3-1a, 3-1b and 3-1c). 
Moreover, the medium collected from culturing the HeLa cervical cancer cell line was 
tested at different incubation durations, confirming the change in medium density with 
increasing proliferation and cell viability (Figure 3-1d), and illustrating the need for 
continuous monitoring of cell growth. These results indicate the importance of 
continuous FTIR analysis for cellular proliferation assessment during incubation periods. 
3.4 Discussion and conclusion 
There is sufficient evidence in the literature showing that infrared irradiation causes 
different inhibiting effects on cells [174,175]. It has also been established that 
conventional FTIR spectroscopy can be used to identify vibrational modes of some major 
compounds both in normal and tumor tissues and cells [176-181], as well as the 
identification of various biomolecular components of the cell [182,183], and for 
monitoring the characteristic changes in the molecular compositions and structures that 
accompany cellular changes resulting from viral infections or transformations from a 
normal to a malignant state [184-190]. Moreover, several human cancers have been 
successfully investigated using FTIR as a diagnostic tool, these include lung, breast, 
cervical, prostate and colon cancers [191-195]. 
All of these applications are based on irradiation of the cells with infrared, thus 
introducing functional changes in the cells’ metabolism, and therefore not allowing the 
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use of the tested cell population in other assays. The proposed technique in this paper, 
however, is based on the assumption that the culture medium becomes more transparent 
to infrared as the proliferation rate increases, as shown in (Figure 3-1). Therefore, the 
combination of cell culturing and monitoring of the variation in the culture medium for 
cell proliferation assessment is necessary for non-destructive and real time analysis, 
especially since the two operations performed successfully have shown comparable 
results. It is therefore worthwhile to design a suitable mini-incubator for that purpose, 
since none of the existing ones can suit this application. The overall system, a mini 
incubator incorporated in the FTIR machine (Figure 3-2) may be valuable for all cell 
proliferation analyses, allowing fast and easy assessment (a 1 to 5 minutes single scan is 
enough to get a complete spectrum), and requiring no sample preparation. Furthermore, 
only a small amount of sample (culture medium) is required, which allows testing of 
micro-volumes instead of milli-volumes. Because multiple spectra can be readily 
collected in 1 minute or less, sensitivity can be greatly improved by increasing the signal 
to noise ratio through the co-addition of many repeated scans. These advantages may 
open new possibilities in medical research. Moreover, we believe that the design of a 
mini- tissue culture incubator integrated with an FTIR, will be a promising tool for 


















Figure 3-2 Simplified optical layout of the block diagram of the 
Fourier transform infrared machine, with the proposed incorporated 
mini-incubator for real time cell proliferation assessment. This will 
allow simple assessment of changes in the culture medium, without 
manipulating the cells. 
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CHAPTER 4. Bio-analysis of living cells from acoustic 
conditioning in vitro 
Presented in this chapter is the effect of low power US on the proliferation and invasion 
abilities of human cancer cells in vitro. A numerical analysis approach was derived in the 
"Methods" in section 1.4, and exploited in the experimental study here. The results are 
discussed and validated with bioassays. This chapter is based on an article published in 
Clinical Cancer Investigation Journal [129]. It complements the methods presented in 
chapters 2 and 3, and specifically covers the objective (i) of the "Thesis objective and 
scope" in section 1.3. 
4.1 Introduction 
In recent years, bioengineering researchers have expanded their efforts into the area of 
non-ionizing radiation. Nowadays, the great interest of biology and medicine to 
ultrasonic methods is evidently proven. Ultrasound usually interacts with human tissue by 
generating heat [196-199], but also through non-thermal effects which are ascribed to 
cavitation [200-202]. Moreover, a fast development of nonlinear ultrasound took place in 
the second part of the last century; this was promoted by the emergence of ultrasonic 
technology and was emphasizing on high intensity ultrasound generation [203]. 
Meanwhile, an investigation of the biophysics of ultrasound interaction with biological 
samples at cellular level is evidently complex, due to the small size of a cell. The 
interaction of ultrasound with biological tissues has led to several clinical therapies such 
as physiotherapy [204], transdermal drug delivery[205], thrombolysis [206], and cancer 
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treatment [207]. These therapies are generally based on physical effects of ultrasound on 
cells and tissues such as controlled disruption of various biological barriers like cell 
membranes and tissues for drug and gene delivery [208-210]. Several effects of 
ultrasound have also been studied in isolated cells, cell suspensions and – or cell cultures 
in vitro. It is worth mentioning here that studies of isolated cells or cells in culture 
provide a means for examining the effect of ultrasound without numerous biological 
variables operating in the whole organism. Nevertheless, such simplification reduces the 
applicability of the experimental data in clinical environment, but allows a better 
understanding of physiological changes due to ultrasound exposure. However, little is 
known about subtle biological effects such as specific proteins up or down-regulation on 
cells. The aim of the present work was therefore to investigate the effects of low power 
ultrasound on the cell proliferation and invasion in vitro as well as some key genes 
associated with these events.  
4.2 Materials and Methods: 
4.2.1 Ultrasound exposure system 
The experimental arrangement for the ultrasound exposure of cells is shown in Figure 4-
1. The experiments were conducted using commercially available piezoelectric ceramic 
transducers Pz27 Disc 5x1 mm (FERROPERM Piezoceramics A/S, Denmark). The 
transducer was glued with a thin conductive epoxy layer at the bottom of the culturing 
plate, acting as an actuator to generate the ultrasound wave on the cells, through the wires 
connected to a waveform generator (Agilent 33220A/20MHz Function/arbitrary 
waveform generator, Santa Clara, CA, USA). The signal was a continuous sinusoidal 
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wave with an amplitude of 3Vrms applied to the transducer, giving a thickness variation 
in service of 10
-3 
µm (initially measured using an accelerometer). The transducer had a 
bandwidth of 0.7 to 1.1 MHz, and the frequency was kept at 800-kHz (within the range of 
therapeutic ultrasound) over an exposure time of 6 hours, in order to see the influence of 
a longer time of ultrasound exposure. The beam profile was not established. The adopted 
parameters also prevent of having cavitation effect, which can be an underlying cause of 
cell damage. 
 





The culturing plate is made of polystyrene with a thickness (distance travelled by sound 
waves before reaching the cells) of 1 mm. Ultrasound waves consist of cycles of 
compression and expansion exerting a positive and negative pressure. These pressure 
cycles are known to act on the molecule by pulling them together and pushing them 




 of radiation 
sound intensity of the transducer, with the PVDF membrane hydrophone method. 
4.2.2 Cell lines  
Human breast cancer cell lines, BT20 and BT20-E6/E7, as well as human cervical cancer 
cell line, HeLa were obtained from the American Type Tissue Culture. HeLa cells were 
selected for their high invasion ability, while BT20 cells were chosen for their relatively 
low invasion ability compared to HeLa cells [211,212]. All three cell lines were cultured 
in RPMI medium (Gibco, Grand Island, NY) supplemented with 5% Fetal Bovine Serum 
(FBS) and 1% penicillin/streptomycin, and 2 mM L-glutamine (Life Technologies, Inc.). 
Cells were incubated at 37 
o
C in 5% CO2 atmosphere. 
4.2.3 Proliferation assay 
The cells were cultured in flat-bottomed 12-well plates (Costar, Cambridge, MA). A 
concentration of 100x10
3
 breast cancer cells (BT20 and BT20-E6/E7) were initially 
plated and incubated two hours prior to ultrasound exposure. This time is required for the 
cells to adhere on the substrate before ultrasound excitation. Each cell line was seeded in 
two wells, one for the control sample (unexposed to ultrasound) and one for the treated 
sample (to be exposed to ultrasound). Next, ultrasound excitation was turned on for 6 
hours, and turned off. Cells were left incubated for 56 additional hours before being taken 
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out for counting using a hemocytometer. A triplicate test was performed for each sample 
and the average value was considered for our analysis. 
4.2.4 Cell cycle analysis 
HeLa and BT20 cell lines were exposed to ultrasound under the conditions described 
above. Next, cells were harvested, washed, fixed and subsequently treated with 50µg/mL 
RNase and stained with 50µg/mL propidium iodide for 30 minutes. They were then 
analyzed in a FACS Calibur machine, and data were evaluated with Cell Quest and 
ModFitLT v3.1 software. 
4.2.5 Invasion assay 
Cell invasion was performed in 24-well Biocoat Matrigel invasion chambers (8 µm; 
Becton Dickinson) according to the manufacturer’s protocol (Figure 4-2). Only BT20 and 
HeLa cell lines were used.  A concentration of 50x10
3
 wild type and treated (by exposure 
to ultrasound) cells were plated in the top chamber. The bottom chamber contained RPMI 
medium. These cells were also allowed to adhere on the substrate (two hours), and 
ultrasound was activated for 6 hours, then stopped (Figure 4-2-A). After 16 additional 
hours of incubation, invasive cells have passed through the Matrigel layer onto the 
surface of the membrane (Figure 4-2-B). The noninvasive cells were removed with a 
cotton swab. The cells that migrated through the membrane were rinsed, fixed with 
methanol and stained with hematoxylin (Figure 4-2-C and 4.2-D). For quantification, 
cells were counted under a microscope in five predetermined fields. A triplicate test was 
performed for each sample and the average value was considered in the cell counting. 
BT20 was used here as a reference because it is a non-invasive cell line. In fact, it has 
69 
 
been shown that the invasion and metastatic abilities of BT20 are induced by E6/E7 
oncogenes of Human Papillomavirus (HPV) type 16 [211].  
 
Figure 4-2 In vitro cell invasion protocol. 
 
4.3 Western Blot analysis 
This assay was performed as previously described [213]. But in our experiment, anti-
Cdk-6, Id-1, Caveolin, EGF-R (clone 13) (Bio/Can Scientific), as well as anti-actin 
(Clone C4, Roche Diagnostics) were used in the assays.  
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4.4 Results and discussion 
Figure 4-3(a) shows the effect of ultrasound exposure on the two breast cancer cell lines 
proliferation. The cell proliferation rate consistently decreases with ultrasound wave 
excitation. This effect was already reported in the literature by Watanabe et al. [210], for 
cancer cells of mouse T lymphoma (EL-4). In their work, Watanabe et al. reported that 
when cancer cells are exposed to ultrasound, hydroxyl radicals are generated and DNA 
molecules from cancer cells become segmented due to hydroxyl radicals. Apoptosis is 
then induced and the proliferation of cancer cells is suppressed. Our study complements 
this observation by using a simpler experimental arrangement and pointing out cell cycle 
arrest by ultrasound to be the reason in the decrease of the proliferation rate.  
 
Figure 4-3 (a)  Effect of ultrasound exposure on the proliferation rate of two breast cancer 
cell lines (BT20 and BT20-E6/E7). (b) Western blot analysis of Cdk-6, cyclin D2 and 
cyclin D3 expression in BT20-untreated and treated cells. 
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Moreover, with an ultrasound power far below what was reported by Watanabe et.al, we 
succeeded to achieve a 74.6% and 50.2% reductions in the number of BT20 and BT20-
E6/E7 cells respectively, compared to a 90% reduction obtained by Watanabe et.al. [210], 
in 48 hours with EL-4 cancer cells. The difference observed in the proliferation reduction 
of BT20 and BT20-E6/E7 is justified by the E6/E7 genes, which are known to be cell 
proliferation stimulators.  
The histogram statistics from the cell cycle data are shown in table 4-1 in terms of 
percentage gated events in each phase of the cell cycle. A total of 9500 and 9953 events 
were gated out of 12965 and 12395 for the control and the treated HeLa samples 
respectively, whereas 9989 and 9810 events were gated out of 12783 and 14019 for the 
control and the treated BT20 respectively.  
Cell lines Go/G1 S G2M 
HeLa Control 68.05 17.22 15.05 
Treated 57.91 10.46 30.78 
BT20 Control 57.25 22.61 18.03 
Treated 54.02 24.25 21.91 
Table 4-1 Cell cycle histogram statistics for HeLa and BT20 cell lines in terms of % gated events. Each 
value represents the average of a triplicate measurement (p < 0.05). 
The table shows that, when exposed to a low power ultrasound, the G2M phase of the cell 
cycle is significantly affected in HeLa cells. In fact, 30.78% G2 in cells exposed to 
ultrasound versus 15.05% of the “control” population shows that ultrasound significantly 
induces cell cycle arrest. Moreover, we show that ultrasound exposure of the breast 
cancer cells studied provokes a loss of cell cycle controllers leading to deregulated cell 
proliferation. In fact, the cell cycle progression is regulated by the activities of cyclin-
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dependent kinases and their subunits known as cyclins [214]. When these key genes are 
deregulated in human neoplasia, they often result in over/down-expression of CDKs and 
cyclins, as well as loss of natural inhibitors of CDKs, and consequently hyper-activation 
of CDKs. In this study, we report for the first time that low power ultrasound can inhibit 
Cdk-6, Cyclin D2 and Cyclin D3 in human breast and cervical cancer cells as shown in 
Figure 4-3(b). Therefore, our data suggest that low power ultrasound, when applied in the 
conditions described here, inhibits cancer cells proliferation in vitro. These results 
complement those obtained by Hrazdira et al. [215] who showed that exposed to a 
0.8MHz low intensity ultrasound (100mW/cm
2
) for 10 minutes, HeLa cells exhibited 
partial inhibition of proliferation. Their study showed that cells were most sensitive when 
undergoing M- and S-phases of the cell cycle. 
Figure 4-4-(a) shows the effect of ultrasound on cell invasion ability with the procedure 
described in Figure 4-2. From a total of 50x10
3
 cells initially incubated, 10% of HeLa 
cells and 0.32% of BT20 cells not exposed to ultrasound (control samples) have passed 
the matrigel after 24 hours of incubation. For cells exposed to ultrasound, only 4.19% of 
HeLa and 0.23% of BT20 have crossed the matrigel layer, giving a reduction due to 
ultrasound waves of 59.1% for HeLa cells and 28.1% for BT20 cells.  
Western blot analysis was further performed. The results in Figure 4-4-(b) confirmed the 
down-regulation of Id-1, Caveolin and EGF-R genes which are widely considered main 
regulators of cell invasion and metastasis of human cervical cancer cells [216-220]. 
Therefore, we report for the first time here that low power ultrasound inhibits cell 
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invasion of human breast and cervical cancer cells through Id-1, Caveolin and EGF-R 
down-expression. 
 
Figure 4-4 (a) Number of cells crossing the matrigel membrane from the procedure 
described in Figure 4-2. (b) Confirmation of down-regulation of Id-1, Caveolin, and 
EGF-R by western blot analysis of HeLa cells. 
 
From the above results at low acoustic power, non-thermal mechanisms for biological 
change may be predominant. In general, as the pressure increases, cavitational and 
thermal effects become more important until, at a higher level, heating effects mask all 
others [221].  We have chosen to avoid this in our experiment by the use of low acoustic 
pressure amplitude with a sound intensity far below the intensity necessary for stable 





as reported by ter Haar [222]. This is also far below the ultrasound intensity of 0.5 to 3.0 
W/cm
2 
used for therapy as reported by Galperin et al. [223], and up to 2750 W/cm
2
 as 
reported by Chapelon et al. [224]. At such a low ultrasound intensity level, the heat 
produced is rapidly diffused out, resulting in a negligible change in local temperature 
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(Figure 4-5). Moreover, it is generally accepted that many non-thermal effects of 
ultrasound in biologic systems are attributable to cavitation [225]. Therefore, our study 
provides an additive information to the scientific community, by illustrating the alteration 
of cellular proliferation and invasion ability due to sound waves, thus strengthening the 
use of this type of waves as a potential candidate to stimulate therapeutic effects on cells. 
This is in line with some other studies reported in the literature [226,227]. 
 
Figure 4-5 Temperature monitoring on the substrate where cells lie during ultrasound 
exposure. During the 6 hours ultrasound excitation period (dotted line), no meaningful 
increase in temperature occurs, showing that heating is not the cause of the bioeffects 
observed on cells. 
4.5 Conclusion 
We have examined the effect of low power ultrasound in human breast and cervical 
cancer cell lines, BT20 and HeLa. Its ability to significantly reduce cell proliferation rate 
of breast and cervical cancer cells, BT20 and HeLa in vitro, was demonstrated. 
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Moreover, it is also shown, for the first time, to consistently reduce cervical cancer cell 
invasion ability. The data presented suggest that Cdk-6 is one of the most sensitive 
proteins for action of low power ultrasound among proteins involved in cell cycle, 
whereas Id-1, Caveolin and EGF-R are the most sensitive involved in cell invasion of the 
cell lines studied. These results are important for medical applications and suggest that 
low power ultrasound may show a good promise in cancer therapy. This opens the 
perspective of using a controlled absorption of ultrasound for a therapeutic purpose. 
However, non-thermal effects of ultrasound such as radiation stress in biological samples 
still need a better theoretical foundation and physical understanding; therefore, new 
theories based on numerical and experimental data should be developed in the future. 
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CHAPTER 5. Cell culture media UV absorbance-based cell 
growth analysis 
Presented in this chapter is the feasibility of using the spectrophotometry of culture media 
with an integrated minimal sample retention system as a practical and non-invasive 
alternative to traditional bioassays requiring cells detachment. This work is based on an 
article in press in Spectroscopy Letters [130]. It complements the methods presented in 
chapters 2, 3 and 4, and covers both objectives (i) and (ii) of the "Thesis objective and 
scope" in section 1.3. 
5.1 Introduction 
Cellular proliferation and cytotoxicity studies are the mainstay for cell biology and cancer 
research. On one hand, cell proliferation research involves the analysis of different 
molecules ability to express cell growth and multiplication. On the other hand, antitumor 
chemotherapy studies involve the analysis of the ability of specific agents to kill tumor 
cells. In both cases, an assessment of the change in cell number over time is critical, and 
performing it in a noninvasive way is challenging. Seen in this light, cell to substrate 
interaction as well as substrate surface treatment are known to affect cell behavior [228-
231]; monitoring this process through the culture media is therefore key in that it has the 
potential to assess cell viability without requiring detachment of the investigated cell 
population from the surface during in vitro analysis.  
The surface modification of polymers by cold plasma has drawn a lot of attention due to 
the key feature that the modification is restricted to the outermost layer (several hundred 
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angstroms) without altering the bulk properties of the material. Plasma treatment is 
known to modify the surface properties, such as the wettability, adhesion, topography, 
and biocompatibility which is concerned in our study. It is a rapid, clean and non-solvent 
process that can be used to introduce a specific element or functional group onto the 
surface of a polymer by selecting a suitable gas [232]. In this study, we use an oxygen-
containing plasma (air) to cause surface functionalization of PDMS substrate for cellular 
growth. This is due to the incorporation of oxygen-containing components such as ,
, , and onto the surface [233]. 
In order to identify cells response to variations in physico-chemical substrate properties 
resulting from different grades of PDMS base-curer ratio (stiffness) and different doses of 
plasma treatment, the Nucleic Acid Concentration (NAC) as well as the absorbance of 
both the cell culture media and its nucleic acid were considered. The biocompatibility of 
the fabricated substrate surfaces was warranted by plasma-induced treatment of the 
substrate [230] in conjunction with cell counting, and we use the spectrophotometry of 
the culture media to indirectly assess cell proliferation and toxicity. Such a novel viability 
test based on the biochemical information extracted from the culture media may be 
preferred over other tests based on flow cytometry [234,235] or laser scanning cytometry 
[236]. Indeed, it does not require detachment of the studied cells from the surface during 
analysis.  
5.2 Materials and method 
PDMS substrates of various stiffness values were obtained using a Sylgard 184 elastomer 
kit (Dow Corning, Barry, UK) with the pre-polymer (base) to hardener (curing agent) 
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ratios of 3:1, 5:1, 8:1, 10:1, 20:1, and 30:1 (w:w), corresponding to cross-linker 
concentrations of 33.3, 20, 12.5, 10, 5, and 3.3% respectively. We have selected such a 
wide mixing ratio range in order to highlight the importance of base and crosslinker ratios 
for stiffness-based biocompatibility of PDMS. The solutions were mixed in sterile 
conditions and degassed, then poured into 60 mm dishes to a depth of about 1 mm. The 
mixed and degassed solutions were cured at 75
o
C for 2 hours. The substrates stiffness 
values were measured with an Atomic Force Microscope (AFM) in tapping mode (Veeco 
Instruments, MultiMode AFM) using a 20 nm radius probe (MikroMasch, NSC15).  
PDMS consists of repeating units of -OSi(CH3)
2-
. It is a durable, homogeneous, 
deformable, and isotropic elastomer with a low interfacial free energy and chemically 
inert surface. Due to the CH3 groups, the PDMS surface is very hydrophobic. It can be 
made hydrophilic by treating the surface with oxygen plasma, which introduces silanol 
groups (Si-OH) on the surface by oxidation of methyl groups (Si-CH3) of PDMS at the 
plasma/polymer interface (Figure 5-1). The PDMS substrates were then exposed to an air 
plasma for 10 minutes at 7.16 W (Low dose), 10.15 W (Medium dose) and 29.6 W (High 
dose) power levels, using a plasma machine (Harrick, model PDC-002), with air entering 
the chamber at 150 Pa.  All plates were then exposed to UV light in the biological safety 
cabinet for further sterilization, from a transilluminator for 5 minutes at a distance of 30 
cm. Hydrophilic stability was needed, and hence, the liquid culture medium was poured 
on top of the substrates after sterilization. PDMS was chosen because it is inexpensive, 




Figure 5-1 Surface modification with air plasma treatment. Silanol groups (Si-OH) are 
introduced on the surface of PDMS by oxidation of methyl groups (Si-CH3), offering a 
better growth environment to cells. 
The cancerous cervix cell line, HeLa, was chosen because it is relatively robust and hence 
ideally suited for adhesion experiments. The cell culture medium was the Dulbecco’s 
Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) Foetal Bovine Serum 
(FBS) and 1% penicillin-streptomycin (100 units/mL, HyClone). Cells were prepared at a 
concentration of approximately 3000 cells/µl. In this case 10 µl have been added, i.e. 
roughly 300000 cells per dish (in 60 mm Petri dishes). In order to allow a longer time of 
observation on the same cell population, we have added enough quantity of cell culture 
medium (in this case 6 ml) in each dish and 10 µl of cell solution. Cells were then 
incubated at 37
o
C in a humidified 5% CO2 environment.  
A volume of 100 µl of the cell culture media was collected at 24, 48 and 96 hours post-
plating, spun at 1200 RPM in order to isolate potentially swimming cells, and a volume 
of 1 µl was analyzed for the absorbance of the media as well as the nucleic acid 
80 
 
concentration in the media. These measurements were performed on a Thermo Scientific 
NanoDrop 8000 spectrophotometer, according to the instrument's procedures. This 
equipment functions by combining fiber optic technology and natural surface tension 
properties to capture and retain minute amounts of sample independent of traditional 
containment apparatus such as cuvettes or capillaries. Shorter path lengths are employed, 
which result in a broad range of concentration measurements, essentially eliminating the 
need to perform dilutions. 
For estimating the number of cells, images of cells growing on each substrate were 
captured using a Nikon, TE2000-S inverted microscope. Twenty distinct snapshots of 
representative areas of each dish were examined with the freeware ImageJ software 
(available at http://rsb.info.nih.gov/ij). In order to confidently use this approach in our 
investigation, a set of 48 hours post-plated cells was made available for cell count using 
the standard hemocytometer technique and ImageJ software. Similar results were 
obtained with a difference in cell number ranging from 2 to 5%.  
5.3 Results and discussion 
The difference in PDMS substrate stiffness rendered by the variation of the cross-linker 
concentration is shown in Figure 5-2. The stiffness value increases, reaches a maximum, 
then decreases within the cross-linker concentration analyzed (from 3.33 to 33.33%). 
This trend is comparable to the one obtained by Evans et al.
[229]
, who measured the 
Young's modulus of PDMS at cross-linker concentrations varying from 1 to 23%. This 
technique is a versatile and easy to implement in vitro method of inducing 
mechanotransduction on cells, for which the exchange with the extracellular environment 
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(here the culture medium) can be noninvasively characterized with spectrophotometry of 
a small volume of culture medium. 
 
Figure 5-2 Stiffness of PDMS of different grades (cross-linker concentration).The values 
and error bars represent the mean and standard deviation of ten measurements on each 
sample. 
Table 5-1 shows the effect of substrate stiffness on cell proliferation rate for the highest 
available plasma dose (29.6 W) in our equipment. Indeed, plasma exposure turns the 
PDMS substrate from hydrophobic to hydrophilic, offering a better environment for cell 
growth. From this table, the cell count on the substrate with 10% cross-linker 
concentration represents 89.5%, 82.8%, and 95.6% of the reference values (cell count on 
standard tissue culture plate) after 24, 48 and 96 hours of culture respectively. We 
therefore consider the fabricated and treated PDMS substrates biocompatible enough to 
pursue our investigation. Moreover, when fabricating substrates for long-term cell 
culture, the material properties should not adversely affect cell growth. Therefore, proper 
cure weight ratio of prepolymer to hardener should be selected.  
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Table 5-1 Effect of substrate stiffness on cell proliferation rate. The values represent the 
average (Mean) and standard deviation (SD) of a triplicate measurement. 




TCP PDMS 10:1 PDMS 30:1 PDMS 50:1 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
24 201 ± 5 180 ± 6 * 159 ± 4 * 170 ± 7 * 
48 436 ± 7 361 ± 5  340 ± 7 ** 297 ± 9 
96 1957 ± 10 1872 ± 12 1255 ± 15 1170 ± 20 *** 
* Indicates significant difference (P < 0.05) from value of TCP at 24 hours. ** Indicates significant 
difference (P < 0.05) from value of PDMS 10:1 at 48 hours. *** Indicates significant difference  (P < 0.05) 
from value of PDMS 30:1 at 96 hours. 
In addition to the substrate stiffness influence, table 5-2 illustrates the effect of the 
plasma treatment dose (RF power level) on the biocompatibility level of the substrate. 
The cells from substrates with 3.33% and 10% cross-linker concentrations were counted 
at 48 hours of incubation and compared. This was done on cells grown on substrates 
exposed to low dose (7.1 W), medium dose (10.15 W), and high dose (29.6 W) plasma 
treatment. We observe that the higher the power of irradiated plasma, the better the 
environment for cell growth. Such a cell response, triggered by the nature of the chemical 
bonding on the surface of the substrate, can also be subject to spectrophotometry analysis 
of the culture medium, without the need of detaching the cells. 
We aimed at showing that the exchange between cells and the extracellular environment, triggered by the 
variation in the mechanical property of the substrate and the plasma exposure dose, can readily be obtained 
by a qualitative and a quantitative analysis of a micro volume sample of the culture medium with a 
spectrophotometer system. Therefore, Figure 5-3 presents the absorbance of the fresh medium (our 
reference measurement FM), and of the cell culture media collected after 48 hours of cultivation on 




Table 5-2 Effect of the plasma RF power level on the biocompatibility level of the 
substrate. The values represent the average (Mean) and standard deviation (SD) of a 
triplicate measurement. 
No. of HeLa cells per mm2 
RF power 
level 
PDMS 10:1 PDMS 30:1 
Mean ± SD Mean ± SD 
Low 272 ± 12 189 ± 14 
Medium 297 ± 7 204 ± 11 
High 361 ± 5 * 340 ± 7 
      Significant differences (P < 0.05) were found between the two substrates at 
       corresponding power level. *indicates significance difference (P = 0.0001) 
       from cell count on substrate irradiated with low power level.  
The higher the power, the lower the absorbance was. The absorbance values and the error 
bars represent the mean and standard deviation of a triplicate measurements on each 
sample. Two dominant peaks in the UV-Vis range were considered: 280 and 560 nm. The 
absorbance peak at the wavelength of 280 nm is related to proteins, in particular aromatic 
amino acids (tyrosine, tryptophan and phenylalanine) and nucleic acids [234]. On one 
hand, the increase in absorbance level of the media after cell culture, compared to the 
reference medium, is an evidence of biochemical activities between cells and the 
extracellular environment. On the other hand, an increase in the plasma treatment dose 
results in a decrease in absorbance of the media, indicative of smaller number of unviable 
cells or lower level of contamination. Indeed, the culture medium is made of proteins, 
and, proteins that contain a higher percentage of aromatic amino acids have higher 
absorptivities at 280 nm than those with fewer. Further experiments will address this 
observation and will provide a deeper qualitative as well as quantitative interpretation of 




Figure 5-3 Effect of plasma irradiation on the absorbance of the conditioned media. High 
dose plasma irradiation showed the best result in terms of comparison with FM (*P = 
0.0002, **P = 0.0011, ***P = 0.0053). 
Figure 5-4 presents the NAC of the fresh medium (reference measurement, FM), and of 
the cell culture media collected after 48 hours of cultivation on substrates exposed to low 
dose (L), medium dose (M), and high dose (H) RF power. The absorbance values and the 
error bars represent the mean and standard deviation of a triplicate measurements on each 
sample. Once again, media containing a higher concentration of nucleic acid have higher 
absorptivities than those with fewer. Therefore, this figure shows that an increase in the 
plasma treatment dose results a decrease in NAC in the medium, indicative of smaller 
number of unviable cells or lower level of contamination. A similar result is obtained for 
the effect of plasma irradiation dose on the absorbance of the nucleic acid in the 




Figure 5-4 Effect of plasma irradiation dose on the nucleic acid concentration of the 
conditioned media. High dose plasma irradiation showed the best result in terms of less 
NAC present in the culture medium (*P = 0.0312, **P = 0.0059). 
 
Figure 5-5 Effect of plasma irradiation dose on the absorbance of the nucleic acid of the 
conditioned. High dose plasma irradiation showed the best result in terms of comparison 
with FM (*P = 0.0009, **P = 0.0030, ***P = 0.0031). 
5.4 Concluding remarks 
This rapid communication provides new insight into how spectrophotometry can be 
noninvasively used toward the understanding of cells response to different environment. 
The preliminary results in this prompt study on HeLa cells as well as MDA 231 breast 
cancer cells (data not shown) suggest a fundamental role for mechano-sensing in cells 
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development, and illustrate that the physico-chemicical environment should be taken into 
consideration when producing therapeutically relevant in vitro cell populations. This 
study highlights the feasibility of noninvasively monitoring cell proliferation and protein 
expression with a simple spectroscopic approach. Our hypothesis may offer a quick, low-
cost and easy way of quantifying cell numbers (without cells detachment) from 
proliferation and cytotoxicity studies. Our immediate future goal is to confirm these 
results with standard biological assays and other cell lines, then establish a 
comprehensive guideline for using this technique toward a noninvasive cellular analysis 
and comparative genomics in cellular biology in vitro, with minimal consumption of 
sample. Such a reduction in the volume of sample required for the analysis will also 
facilitate the inclusion of additional quality control steps throughout the molecular 




CHAPTER 6. Elasticity-triggered biological responses of SH-
SY5Y neuroblastoma cells in vitro 
Presented in this chapter is the effect of PDMS substrate bulk rigidity and surface energy 
modification on SH-SY5Y neuroblastoma cell line. The approach described shows how 
mechanical properties of the culture surface can trig cell differentiation, polarization and 
adhesion. This work is based on an article under review in the journal Biomedical 
Materials and Engineering [131]. It complements the methods presented in chapters 3, 4 
and 5, and covers objective (iii) of the "Thesis objective and scope" in section 1.3. 
6.1 Introduction 
In the neurosciences many questions exist that center on how ECM affects synaptic and 
cellular structure. In culture, it is generally believed that using stiffer PDMS substrate 
leads to a better cell viability [237], still the optimum stiffness is currently undefined. In 
recent years, it has become desirable and conceptually feasible to study the effects of 
substrate stiffness on cells in vitro. From these studies has emerged an improved 
understanding of cell culture on different substrate rigidities. Yet a major need still exists 
for better for better control of the precise spatial development and geometric interaction 
of neural cells, both for fundamental studies in vitro and for a variety of focused 
applications, such as evaluation of pharmaceuticals and development of biosensors. With 
such cultures it should be possible to determine the type of parameters of change as a 
function of ECM rigidity and to monitor not only mechanical activity but also metabolic 
and structural change of neurons. 
88 
 
Many established neuroblastoma cell lines possess at least 3 morphological variants 
contributing to the heterogeneity in these cell lines: the neuroblastic (N), flat or substrate 
adherent (S) and intermediate (I) cell types [238-240]. A study of cell surface antigen 
expression indicated that the S-type cells shared antigenic characteristics more in 
common with a fibroblast-like meningeal cell rather than a Schwannian cell [241,242]. 
Meanwhile, neural crest cells can give rise to ectomesenchyme, including skeletal and 
connective tissues of the head and face which also includes meninges. These features 
have led to a model in which N-type cells are proposed to resemble embryonic 
sympathoblasts, S-type cells resemble Schwannian, glial or melanocytic progenitor cells 
or ectomesenchymal derivatives and the I-type cells have an intermediate phenotype and 
the potential to differentiate to N- or S-type cells [240]. 
Ultimately we want to develop a basic understanding of the relationships between the 
developmental morphologies of cultured neurons and the quantitated mechanical 
characteristics of the substrates. Progress toward a quantitative understanding of the role 
of the substrate is crucial not only to neuronal patterning but also to the interpretation of 
experiments involving regulators of cell metabolism in vitro and future applications 
requiring the rational design of neuronal substrates. 
6.2 Materials and methods 
6.2.1 Substrate preparation and characterization 
The PDMS used in this work is a liquid bi-component silicone pre-polymer, Sylgard 184 
manufactured by Dow Corning (Midland, MI).  The substrate stiffness can be controlled 
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by the base (pre-polymer) to hardener (curing agent) ratio, determining the cross-linker 
agent concentration in the PDMS solution. Other key parameters for manipulating this 
mechanical property are temperature and curing time. As the time and curing temperature 
are closely linked, we choose to cure the PDMS substrates at a constant temperature of 
75
o
C for 2 hours. The solutions were mixed in sterile conditions and degassed, then 
poured into 24 well plates to a depth of about 1 mm. The mixed and degassed solutions 
were cured at 75
oC for 2 hours. The “untreated” dishes with PDMS substrates were 
rinsed three times in sterile PBS, then once in 100% ethanol during two minutes, and air 
dried in sterile conditions. The “treated” dishes PDMS substrates were exposed to air 
plasma for 10 minutes at 29.6 W using a plasma machine (Harrick, model PDC-001), 
with air entering the chamber at 150 Pa.  All plates were then exposed to UV light in the 
biological safety cabinet for further sterilization, from a transilluminator for 20 minutes 
from a distance of 30 cm. The substrate's characterization was performed as described in 
our earlier work [130].  
6.2.2 Cell line and low density culture conditions 
The SH-SY5Y cell line used is a thrice cloned subline of SK-N-SH cells which were 
originally established from a bone marrow biopsy of a neuroblastoma patient with 
sympathetic adrenergic ganglia origin in the early 1970’s [241]. Using current culture 
technology, neurons are usually randomly organized and their dendrites and axons 
overlap and are. This makes geometrically dependent studies of minor processes in 
neuron’s development extremely difficult, if not impossible.  Therefore, we adopt a low 
density culture for two reasons: (1) it allows driving and monitoring neuronal growth in 
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response to substrate stiffness changes; (2) it allows correlating the dynamic changes of 
the cell activity with its topology and substrate mechanical properties. 
The culture medium used was a 1:1 mixture of Eagle's minimum essential medium with 
nonessential amino acids and Ham's nutrient mixture F-12, supplemented with 15% heat-
inactivated fetal bovine serum and 1% penicillin-streptomycin. Derived from immature 
neoplastic neural crest cells that exhibit properties of stem cells, SH-SY5Y were induced 
to differentiate upon treatment with retinoic acid (RA) [242]. 
6.2.3 Proliferation and morphological change measurements 
Cells were plated at 300 x 10
6
 cells/well on plasma treated PDMS substrates. For the 
assessment of morphological changes, images of cells growing on each substrate were 
captured using an inverted phase contrast microscope equipped with a controller 
software. Eight to ten distinct snapshots of representative areas of each well were 
examined with the freeware ImageJ software (available at http://rsb.info.nih.gov/ij). 
Single cells were identified by their boundaries and the approximate perimeter measured 
by tracing the border of five cells per image and using the “Perimeter” function in 
ImageJ. 
For adhesion analysis, 20 and 60 hours incubated cells were washed twice in PBS, fixed 
for 15 minutes with 70% (v/v) ethanol to preserve the shape as much as possible, and 
washed again twice in PBS.  After fixation, cells were stained with 0.5% (w/v) crystal 
violet for 10 minutes and dye was extracted from cells with 0.1M citric acid. Absorbance 
was measured at 590 nm on an absorbance spectrometer. 
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6.2.4 Immunofluorescence and adhesion measurement 
Cells were stained for F-actin with Alexa Fluor 555 tagged phalloidin (Invitrogen), for 
nuclei with ProLong Gold antifade reagent with 4',6-diamidino-2-phenylindole (DAPI) 
(Invitrogen), and for vinculin to mark focal adhesions with monoclonal anti-vinculin-
FITC antibodies (Sigma-Aldrich). The cells, on PDMS substrate, were first fixed with 
3.7% formaldehyde (Polysciences Inc), and permeabilized with 0.1% Triton X-100 
(Astoria-Pacific). Then they were stained and the antifade reagent was added before 
cover slips were placed over the cells and sealed with nail polish. 
6.3 Results and discussion 
Figure 6-1 shows the average counted undifferentiated cells on different substrates. These 
cells being known to grow as a mixture of floating and adherent cells, 300 x 10
6
 cells 
were initially plated and only adherent cells were counted. The cell proliferation trend 
observed here complies with that of elasticity measurement of the substrate. Error bars 
represent the measured standard deviation in each set of data and each data point 
represents means ± S.D. of 8-10 determinations. The experiment was performed in 
triplicate. 
Figure 6-2 shows the average percentage of non-viable undifferentiated cells on different 
substrates. Only cells presenting no minor process were counted. A minor process was 
explicitly chosen to be related to the neuritic outgrowth or the branching. The trend 
observed reflects cells viability and complies with that of the rigidity measurement of the 
substrate. Error bars here also represent the measured standard deviation in each set of 
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data and each data point represents means ± S.D. of 8-10 determinations. The experiment 
was performed in triplicate. 
 
Figure 6-1 Undifferentiated neuroblastoma cell culture on substrates with different 
mechanical properties. 
 




Figures 6-1 and 6-2 reveal that, compared to standard tissue culture dish, PDMS with 
12.5% crosslinker concentration is proved to be an optimal substrate for neuroblastoma 
culture on functionalized (plasma treated) PDMS, under the conditions used in this study. 
This is in good agreement with the observation made with cervical cancer cell line, HeLa, 
in our previous work [130]. Figure 6-3 shows typical phase-contrast images of 
undifferentiated SH-SY5Y neuroblastoma cells on TCP and PDMS after 2 and 4 days in 
culture, showing that the majority of the cells do not display formation of a single 
dominant process, evidencing development of axonal/dendritic polarity. 
 
Figure 6-3 Phase-contrast images of undifferentiated SH-SY5Y neuroblastoma cellson 
TCP (A,B) and PDMS with 12.5% crosslinker concentration (C,D) after 2 days (A,C) and 
4 days (B,D) in culture. The scale bar in panel D corresponds to 100 µm. 
Upon differentiation with RA, cells stop proliferating, become a stable population, and 
show extensive neurite outgrowth [243]. Figure 6-4 shows typical phase-contrast images 
of RA-differentiated SH-SY5Y neuroblastoma cells plated on polystyrene tissue culture 
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plastic and PDMS substrate. The dendrites and axons overlap extensively and remain 
undefined, which makes cells’ response to changes in substrate stiffness investigation 
difficult at a single cell level. As a consequence, a low density culture is adopted in our 
study.  
 
Figure 6-4 Typical phase-contrast images of RA-differentiated SH-SY5Y 
neuroblastomacells plated on polystyrene tissue culture plastic (A) and PDMS substrate 
with 12.5% of cross linker concentration (B). The random distribution of the soma and 
neuritic processes is clearly illustrated. 
In Figure 6-5, phase-contrast images of RA-differentiated SH-SY5Y neuroblastoma cells 
on TCP and PDMS at 4 and 8 days in culture are presented. We observe that many cells 
exhibit a primary neurite having a length above 100 µm at day #8. The cell bodies are 
large and well adhered to the substrate and neurite outgrowth is indicative of a 
developing axonal/dendritic geometric polarity. 
Figure 6-6 shows representative fluorescence images of RA-differentiated SH-SY5Y 
cultured on PDMS with 3.33%, 12.5%, and 33.3% crosslinker concentration. Cells were 
stained with antivinculin antibodies to mark focal adhesions (Green) and DAPI for nuclei 
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labelling (Blue). The figure also illustrate the approach used for counting focal adhesion 
points. A white square in each panel represents a region of interest on a neurite. A 
zoomed view of the corresponding regions of interest is reported as inset in the upper 
right corner of each panel. White arrowheads in the inset point to the visible focal 
adhesions. 
 
Figure 6-5 Phase-contrast images of RA-differentiated SH-SY5Y neuroblastoma cells on 
TCP (A,B) and PDMS with12.5% crosslinker concentration (C,D) after 4 days (A,C) and 
8 days (B,D) in culture. The scale bar in panel D corresponds to 100 µm. 
Evidences of the effect of substrate stiffness on cell adhesion and differentiation are 
shown in Figure 6-7 below. Figure 6-7(A) shows the average measured length of neurites 
on different substrate rigidities on day #8 in culture. 96 cells from three experiments were 
analyzed for the calculations in each group. The average neurite length is shown to 
decrease with an increase in the substrate rigidity. Figure 6-7(B) presents the average 
number of focal adhesions on substrates of different rigidity. 40 cells from three 
experiments were analyzed for the calculations in each group and the average neurite 
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length also decreases with an increase in the substrate rigidity. Figure 6-7(C) presents the 
average percentage of cells with responsive Focal Adhesion Kinase (FAK). A responsive 
cell was defined as a cell having at least 3 focal adhesion points. Here again, 40 cells 
from three experiments were analyzed for the calculations in each group and the number 
of responsive cells decreases with an increase in the substrate rigidity. Finally, Figure 6-
7(D) shows a classification of focal adhesions by size and by group. Focal adhesion sizes 
were defined as small (less than 2 µm²), medium (between 2 and 4 µm²), and large (more 
than 4 µm²). 680 focal adhesions were analyzed and we observe a predominance of large 
focal adhesions in all cases, with the larger of the stiffer substrate (PDMS 12.5%). These 
observations are in good agreement with the results reported by Lo et al. [244] on 
fibroblasts. 
 
Figure 6-6 Representative fluorescence images of RA-differentiated SH-SY5Yon day #8, 





Figure 6-7 Cell adhesion and differentiation as a function of substrate stiffness on day #8 
in culture. (A) Length of neurites. 96 cells from three experiments were analyzed for the 
calculations in each group. (B) Number of focal adhesions. 40 cells from three 
experiments were analyzed for the calculations in each group. (C) Cells with responsive 
Focal Adhesion Kinase (FAK). 40 cells from three experiments were analyzed for the 
calculations in each group. (D) Focal adhesion classified by size. In all cases, error bars 
represent the measured standard deviation in each set of data. 
Comparative results were obtained by Brunetti et al. [244], who seeded SH-SY5Y cells 
onto micro patterned flat and nanorough gold surfaces; they demonstrated the possibility 
to realize substrates with cytophilic or cytophobic behavior, by fine-tuning their surface 
topography at nanometer scale. They observed specific and functional adhesion of cells 
only onto flat gold stripes, with a clear self-alignment (polarization) of neurons, yielding 
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a simple approach for the design and development of biomaterials with precise 
nanostructure-triggered biological responses.  
Overall, an advantage of PDMS substrate for cell culture is the reproducible composition 
and properties associated with the fabrication process. This is in marked contrast to 
surfaces modified with biologically derived materials such as proteins or 
membranes[245,246], for which the starting materials may not be well-characterized, and 
their conformation can vary and have profound effects on the structure at the interface. 
This limitation makes interpretation of effects difficult, and can lead to problems of 
reproducibility, which is overcome in our study. Consequently, our study effectively 
supports the hypothesis that mechanical factors impact cells in fundamentally different 
ways, and can trigger specific changes similar to those stimulated by soluble ligands. 
This is in good agreement with previous works reported in the literature [247,248]. 
6.4 Concluding remarks 
This work shows that modifying PDMS cross-linker concentration to tune substrate 
rigidity plays a role in neuroblastoma adhesiveness and development of axonal/dendritic 
polarity. A correlation between higher PDMS surface energy (hydrophilicy), higher cell 
adhesion, higher cell surface, and larger cell polarization has been found. Indeed, an 
increase in the substrate's stiffness highly favors cell adhesion, which is correlated with 
significantly more polarized cells. Moreover, stiffer substrates promote significantly 
faster neurite extension than softer ones, and there is a high compliance of 
undifferentiated cell proliferation rate with substrate's stiffness variation. Thus the results 
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show that adequate tuning of the substrate mechanical properties and surfaces physical 
chemistry can control the neuroblastoma cells adhesion and morphology. 
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CHAPTER 7. Modal parameters estimation of an early avian 
embryo model organs considered cell aggregates 
Mechanical forces play an important role during early embryo development. Although 
physical and mechanical properties of organs are available in the literature for different 
stages of growing chick embryos, the modal parameters of each organ remain largely 
unknown. A simplified model of 4 degrees-of-freedom (DOF) mass-spring-damper 
(MKC) system made of the body (limb), the liver, the heart and the brain is considered in 
this paper. A data set of material parameters corresponding to a stage 14 chicken embryo 
development is obtained from the literature. An eigenvalue solution approach using 
frequency response function matrices is applied to study the mechanical vibrations of the 
system. We demonstrate that the exact modal parameters of the chick embryo model can 
be obtained using both the Mode Indicator Functions (MIF) and a least squares approach 
using the Prony method, even when the mechanical excitation cannot be controlled. 
These estimators are presented as a promising modal indicator and parameter estimation 
technique, contributing to limit the cost of experiments at such a small scale as in the 
investigation of embryo development. Therefore, our study can help illuminating the 
mechanical vibration analysis of incubated eggs and its relation to embryogenesis. This is 
important for the understanding of the dynamics of morphogenetic processes, the 
biomechanics of tissues, the design of implantable medical devices and the biomaterials 




Vibration exposure standards for pregnant women and their developing foetuses have not 
been established. This is a highly complex issue due to the extreme lack of data on the 
subject. As a step forward to clarify this issue, it requires epidemiologic and basic 
scientific studies to explore the feasibility of developing an avian model with the aim of 
studying the relationship of vibration to discernable organs in a developing embryo. A 
survey of animal studies in the literature indicated a possible harmful effect of vibration 
upon embryologic development [249-251].  
Based on an experimental modal analysis, the dynamic behaviour of a chicken egg was 
characterized [252-254]. While these works were focused on the study of the mechanical 
vibrations as an indicator of egg and egg shell quality, little is known on the contributing 
effect and the impact of external mechanical vibrations on each developing organ. To 
address this issue, we adopted a simplified model of discretized stage 14 chicken embryo 
made of limb (or simply the body), liver, heart and brain, consistent with early 
morphogenesis [255]. 
The present study was intended to show the feasibility of a modal parameters extraction 
approach toward a better understanding of the vibration in the early stage of 
embryogenesis. For this purpose, the modal analysis technique was used. This technique 
refers to an experimental or analytical procedure applied in vibration analysis for 
describing the dynamic behaviour of mechanical systems [256]. In this work, the 
governing equations were formed by obtaining mass (M), stiffness (K) and damping (C) 
matrices. The system equation was analytically solved, the frequency response functions 
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(FRFs) obtained, and the modal parameters extracted from the FRFs. The MIFs as well as 
the Prony methods were then performed and correlated with the analytical solution 
obtained by solving the eigenvalue problem. This approach could lead to a better 
understanding of the effect of a random vibration excitation on specific organs in early 
chicken embryo, which is nowadays still an unknown in normal embryo development 
failure.  
7.2 Modal parameter extraction and validation 
7.2.1 Model description: the chick embryo system 
The chick embryo, subject of our study, occupies a unique position among higher 
vertebrates in that it provides an excellent model to investigate the normal development 
of the embryo especially in the early stage. Indeed, all of the developing chicken embryo 
requirements, except oxygen and heat, are provided by the egg contents. As a physical 
matter, the embryo is a continuous and complex system and have an infinite number of 
DOF (modes). However, only a finite number of modes can be used to describe the 
dynamic behaviour of a system, and we have chosen to model a 12 days old chick 
embryo, which corresponds to the stage in which main organs (brain, heart, liver and 
limbs) are formed.  
In this study, a simplified version of the multi-DOF system presented by Fuellekrug [257] 
was considered. This model consists of the four main organs listed above, and linked to 
each other in the following geographical order: brain, heart, liver and limbs (also 
assumed the rest of the body). The system is assumed passive and therefore, organs are 
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simply linked as shown in Figure 7-1. Neglecting other connections means that the 
validity of the results is limited to the cases where there is not much change in the 
stiffness of these connections, which is the case in our study (the albumen). 
The physical parameters of the system, except the brain, were obtained from Forgacs et 
al. [258], Haba et al. [259] and Xu et al. [260], and summarized in table 7-1, whereas, the 
damping value of the brain tissue was fixed, and its stiffness was obtained as described in 






      
 
 
Figure 7-1 An 4-DOF lumped mass vibration system 
 
Table 7-1 Physical parameters of the ideal lumped elements. 
Parameters Body Liver Heart Brain 
Mass mi (g) 10 0.3 0.1 0.4 
Stiffness ki (N/m) 0.0086 0.004 0.0051 0.00005 
Damping ci 
(Ns/m) 






7.2.2 The Mode Indicator Function (MIF) 
This estimator assists in the selection of poles during the extraction process and was 
formulated here to provide a better way for identifying closely spaced modes. In the MIF 
approach, the real part of the FRF is divided by its magnitude. Because the real part 
rapidly passes through zero at resonance, the MIF usually tends to have a much more 
abrupt change across a mode. The real part of the FRF will be zero at resonance and 
therefore the MIF will drop to a minimum in the region of a mode [261].  









1                              (7.1) 
The peaks detected in the MIF plot indicate the existence of modes, and the located 
frequencies give the corresponding damped resonance frequencies.  
7.2.3 Least square estimation 
For the purpose of our analysis, a routine is implemented to find the poles from a unit 
impulse response. This routine helps separating physical poles from mathematical ones. 
The transfer function of a system can be written in a pole-residue form (modal model) as 
[267]: 
       (7.2) 
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The residue matrices ,  are defined by: 
                  (7.3) 
One can easily show that the matrix  is of rank one, meaning that  can be 
decomposed as: 
                    (7.4)                  
with  a vector representing the mode shape of mode r. From Eq. (7.2), it appears that 
the transfer function matrix of the system is the sum of all contributing single DOF 
transfer functions, obeying to the principle of modal superposition [262]. The full transfer 
function matrix is completely characterized by the modal parameters, i.e. the poles  and 
the mode shape vectors .   
Taking the inverse Laplace transform of Eq. (7.2) yields the following impulse response 
function 
     (7.5)  
which consists of a sum of complex exponential functions.                            
 The poles are then obtained using the least squares complex exponential approach 
formulated, and a stability diagram is plotted by repeating the analysis for increasing 
model order number. The stable poles can graphically be presented in ascending model 
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order. The estimated poles corresponding to physically relevant system modes tend to 
appear at nearly identical locations for each estimation order. On the other hand, poles 
resulting from the mathematical solution of the normal equations but meaningless with 
respect to the physical interpretation, mainly due to the presence of noise, tend to jump 
around. Given the poles, the residues are finally calculated from the impulse response 
with a least squares routine, assuming that the impulse response corresponds to a mobility 
FRF as in Eq. (7.18) below.  
7.2.4 Modal validation 
Once the modal parameters are determined, several procedures exist allowing validation 
of the modal model. For this purpose, we are using the modal vector orthogonality.  
For an undamped or a proportionally damped system, the coordinate transformation 
diagonalizes the system mass, damping and stiffness matrices. In the case of modal 
vectors, the orthogonality properties are given by: 
 MM
T       (7.6)   
and 
 KK
T       (7.7)            
where  is the modal matrix. If the damping matrix is proportional to the mass and/or 




KMC       (7.8) 
The application of orthogonality condition yields 
 KMC




      (7.10) 
where C is a diagonal matrix.   
7.3 Theoretical Background and forward problem 
7.3.1 Basics and hypotheses 
The experimental modal analysis for obtaining the dynamic behavior of a system has 
been extensively discussed in the literature [254,263-265]. In this field, the system can be 
modelled using idealized mechanical elements with lumped constants. The simplicity and 
transparency of this method are determined by postulating four conditions for the 
structure under investigation [262]: 
(1) The mechanical system is linear; so the principle of superposition applies.  
(2) The mechanical system is time invariant.                                                            
(3) The system is observable, so the measured outputs must yield sufficient information 
to construct a reliable mathematical model. 
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(4) Maxwell's reciprocity principle should apply, meaning that the measurement and 
excitation points are interchangeable.  
7.3.2 Governing equations and analytical solution 
The physical system to be studied is comprised of an interconnection of idealized single 
DOF models, as illustrated in Figure 7-1. Governing equations on the behaviour of this 
system with 4 DOF and damping are given by [266]: 
 FXKXCXM ][                                                  (7.11) 
where M is the mass matrix, C is viscous damping matrix, K is stiffness matrix, X is the 
system-response vector in specified degrees of freedom, and F is the external applied 
force vector. 
The Laplace transform of Eq. (7.11) can be written as: 
 )()(2 tFsXKCsMs                            (7.12) 
The equations of motion of the system are derived from Eq. (7.11) and yield the 






The undamped resonance frequencies are determined by setting C=0 and F=0, and Eq. 
(7.2) becomes: 
      0)(2 sXKMs                                                                 (7.14) 
Pre-multiplying Eq. (7.14) by M
-1
, then by K
-1
 gives:  
02
1





                                                              (7.16) 
Eq. (7.15) and Eq. (7.16) can be solved by setting their determinants to zero, i.e., 
02
1





                                                                 (7.18) 




 in Eq. (7.16) and Eq. (7.18), are the eigenvalues. 
7.3.3 The frequency response function solution 
When excitation is applied, Eq. (7.12) leads to the frequency response of the system as a 
complex quantity. The modal model is then fully described by a matrix of frequency 
response functions  , for which elements may be obtained by calculating the ratio 
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of the response signal at DOF p,  to the input signal at DOF q,  in the 
frequency domain [267], and expressed as follows: 
     (7.19) 
where ω  is the frequency variable; 
           p is the measured response DOF; 
          q is the measured input DOF; 
          r is the modal vector number; 
            is the system pole; 
          n is the number of modal frequencies; 
            is the residue. 
The residue is expressed as: 
                                      (7.20)                                                                                                    
with  being the modal scaling factor and  the modal coefficient. 
In the formulation of Eq. (7.10), the residue is the product of the modal deformations at 
the input q and response p DOF and a modal scaling factor for mode r. As such, the 
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product of these three terms is unique, but each of the three terms individually is not 
unique. 
7.4 Experimental determination of brain elasticity/stiffness 
7.4.1 Samples 
Fertile brown Leghorn chicken eggs (Couvoir Simetin, Mirabel, QC) were incubated at 
38
o
C for 21 days to monitor its elasticity. Every three days embryo were extracted from 
the eggs using Whatman filter paper rings [268], dissected with scissors and washed in 
phosphate-buffered saline (PBS) solution at room temperature. The dissections showed 
that surrounding head mesenchyme can be present and affect the mechanical property 
assessment. Hence, most of the additional tissues were removed from the brain using 
sharp metallic tweezers.  
7.4.2 Hydrogel preparation 
Gelatin gel from porcine skin (Sigma-Aldrich, St. Louis, MO) samples were constructed 
to act as surrounding medium for an inclusion made of a brain cell aggregate. For the 
purpose, distilled water was heated at a temperature between 80 and 90
o
C. Gelatin 
powder was next poured into water and continuously stirred to insure regular mixing. 
When the solution was cooled at 50
o
C, agar powder (Sigma-Aldrich, St. Louis, MO) was 
added into the solution and mixing continued until a temperature of 22
o
C was reached. 
Molten gel was poured into a mold, and cylindrical inclusion was introduced just prior to 
gelation. After gelation (3 to 4 hours), the inclusion was smoothly removed and replaced 
by the brain tissue extracted from chick embryo. An elasticity map of a cross-sectional 
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area including brain tissue was then performed using an ultrasound scanner (Aixplorer, 
Aix-en-Provence, France). Figure 7-2 illustrates the phantom gel and the positioning of 
the ultrasonic probe. 
 
Figure 7-2 Experimental arrangement for measuring chick embryo's brain elasticity. 
7.4.3 Elasticity and stiffness values 
The setup presented in the previous section allowed to obtain an increase in elasticity 
within brain tissue as illustrated in Figure 7-3. The measurements were made in triplicate 
and the error bars represent the Mean ± Standard Deviation of 5 to 8 different sections 
along the cylindrical inclusion. 
 
Figure 7-3 Evolution of chick embryo's brain elasticity over 21 days. 
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The stiffness of the brain tissue can then be obtained at each stage by [269]: 
        (7.21) 
where , with the SI units Pa, approximates the shear elasticity, and a is the radius of the 
inclusion. A rough approximation of a purely elastic medium at atomic level yields the 
brain stiffness value reported in table 7-1. 
7.5 Results and discussions 
By solving Eq. (7.17) and Eq. (7.18) using the physical parameters reported in table 7-1, 
the undamped resonance frequencies of the system are obtained and summarized in table 
7-2. The same results are obtained by both inversing the stiffness (K) and mass (M) 
matrices. 
Table 7-2  Eigen frequencies in Hz obtained by successively inversing K and M. 
Brain Limbs Liver Heart 
0.0555 0.1451   0.5042 1.3526 
 
The FRF of the damped system for different combinations of input and output DOF are 
illustrated in Figure 7-2 (driving point mobilities) and Figure 7-3 (transfer mobilities). 
Function   is the ratio of the response signal at DOF p,  to the input signal at DOF 
q,  in the frequency domain. We note that the addition of damping did not affect the 
undamped natural frequencies for all modal vectors. This is always the case and would 
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yield an estimation of the resonance frequencies of chicken embryo organs using lesser 
physical parameters, thus reducing uncertainties caused by the complexity of estimating 
the damping of biological samples.  
 
Figure 7-4 FRF of all 4 driving point mobilities.  is the ratio of the response signal at 











Figure 7-5 Combinations of frequency response transfer mobilities.  is the ratio of the 
response signal at DOF i,  to the input signal at DOF j,  in the frequency 
domain. The bottom-right plot illustrates the Maxwell's reciprocity principle stating that 
the measurement 
It appears from Figure 7-2 and Figure 7-3 above that using only one FRF, it may be 
difficult to identify how many modes exist. Indeed, all of the modes may not be active in 
the particular FRF calculated. This is particularly true in our results, as seen in the plots, 
for the measurements not involving the brain (subscript 4), because of its very high 
compliance, compared to other organs. 
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The resonant frequency values obtained here are within the range of those obtained from 
chicken eggs exposed to different vibration frequencies and amplitudes [250]; the authors 
observed that the resonance frequency of the egg yolk was 1 Hz, with no motion 
observed below 0.6 Hz and above 1.7 Hz. However, one should be careful comparing this 
result with our model, which uses a deeper discretization of the fertilized egg content.  
 
Figure 7-6 Nyquist plots of different combinations of input and output DOF. We get 
perfect circles (illustrating a stable system), each of them corresponding to one resonance 
frequency (marked with an asterisk).  is the ratio of the response signal at DOF i, 
 to the input signal at DOF j,  in the frequency domain. 
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Plots of the real part versus the imaginary part for different combinations of input and 
output DOF are illustrated in Figure 7-4. The results emphasize the area of frequency 
response at resonance and trace out perfect circles, consistent with Kennedy et al. [270]. 
As already observed on the FRF, only one Nyquist plot may not allow to observe all of 
the modes. 
The Mode Indicator Functions (MIF), computed from Eq. (7.1), are presented in Figure 
7-5 for the four masses with different driving points. The existence of modes of vibration 
is clearly indicated by distinct peaks and these peaks locations indicate the corresponding 
resonance frequencies. These resonance frequency values correlate well with the ones in 
table 7-2. 
The modal parameters extraction described in section 7.5.2 above was implemented in 
MATLAB and Figure 7-6 presents a stability diagram as well as a good fitting of the least 
squares routine to the data obtained by solving the eigenvalue problem. With a sampling 
frequency of 13.5 Hz (at least 10 times the highest frequency component), we have used 
1024 points of the unit impulse of H42 to find the poles. A random noise was added to the 
impulse response before starting the routine, in order to avoid rank deficiency in the 
computation. Table 7-3 presents the estimated poles and residues, compared with those 
obtained analytically from the system matrices M, C, and K in Eq. (7.13). The poles 








Figure 7-7 MIF plots of the four masses with: (a) the body as the driving point; (b) the 
liver as the driving point; (c) the heart as the driving point; (d) the brain as the driving 
point. Note:  is the ratio of the response signal at DOF i,  to the input signal at 





Figure 7-8 Typical stability diagram obtained from the transfer mobilityH42 and curve 
fitting. The implemented Prony estimation routine applied to a transient signal fits the 
data obtained from solving the eigenvalue problem. 
Table 7-3 Comparison of H42 estimated poles and residues by the Prony method. The 
poles are exactly the same, but the residues slightly differ. 
 
Mode 
Prony estimation (least squares) Resonance method (analytical) 
Poles Residues Poles Residues 
1 -0.0059+0.3484i 2.4360-68.4428i -0.0059+0.3484i 2.4358-68.4460i 
2 -0.0015+0.9114i -1.0628+10.7251i -0.0015+0.9114i -1.0632+10.7291i 
3 -0.0176+3.1677i -1.5948+5.1661i -0.0176+3.1677i -1.6024+5.1898i 
4 -0.0838+8.4984i 0.2221-0.2706i -0.0838+8.4984i 0.2298-0.2795i 
 
Our model can further be validated by checking the modal vector orthogonality. 
Assuming a proportionally damped system by , we may calculate the 
diagonalized mass and stiffness matrices with the formulation from Eq. (7.6) and Eq. 










For the proportionally damped system, these matrices are: 
 
 
which are consistently diagonalized. 
7.6 Conclusion 
Modal analysis was successfully performed on an 4 DOF lumped elements system 
mimicking a stage 14 chicken embryo. Using a data set of physical properties obtained 
from the literature, we demonstrate that the transmitted power from any source to the 
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receiving system is dependent on the mobilities of the source and the receiver. The Mode 
Indicator Function, derived from an eigenvalue solution approach and using FRF matrix 
data, was applied to damped sinusoids and transient exponential signals to determine the 
position of resonances in the frequency range of interest. A least squares based modal 
parameters extraction was also successively applied to the impulse response function. 
These approaches were shown feasible on the real data set obtained from the literature. 
Therefore, given a realistic lumped elements model and knowing the physical properties 
of each element, our approach can be considered, contributing to limit the cost of 
experiments, which could be invasive and complicated to set up in vivo.  
Knowledge gained from our study on the modal parameters estimated from organ 
(considered cell aggregates here) properties will help illuminate the investigation of the 
influence of mechanical vibrations during morphogenesis. This will also guide the design 
of implantable medical devices and the choice of the biomaterials used in their 
fabrication. Ultimately, this bio-application of modal analysis can be applied toward the 
development of a basic mammalian model, eventually leading to a realistic model.  
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CHAPTER 8. General conclusion and future works 
8.1 Conclusions 
The cells response to SWCNTs, low power ultrasound, cell culture substrate mechanical 
and surface energy changes as well as vibration of cell aggregates have been investigated 
in this thesis. Feeding HNBE cells with SWCNTs solution, we have identified marked 
changes in the expression of 14,294 genes, with 7,029 being up regulated and 7,265 being 
down regulated. Most of these genes are reported in this work for the first time as targets 
of SWCNTs exposure in human normal bronchial cells.  




, we succeeded to reduce the 
proliferation rate of BT20 and BT20-E6/E7 breast cancer cells by 74.6% and 50.2% 
respectively in 48 hours in vitro. Moreover, the invasion ability of cervical cancer cells, 
HeLa, was reduced by 59.1%. These reductions were confirmed by up regulation of 
specific genes known to be responsible of cell proliferation and cell invasion.  
For the influence of substrate mechanical properties on cell growth, the dosage of the 
curer in the base polymer in PDMS preparation was varied from 3.33% to 33.3%, 
yielding different values of the substrate stiffness. We were able to consistently show that 
cells viability and differentiation increase with an increasing substrate stiffness value. 
Additionally, increasing the plasma RF power exposure of the substrate from 7.16 W to 
29.6 W significantly increased the biocompatibility of PDMS substrates.  
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In order to extend our investigation from cellular level to organs, we have analyzed the 
mechanical behavior of cell aggregates exposed to a transient signal. An inverse problem 
was formulated and successively solved with the purpose of extracting modal parameters 
of specific organs. We found a good agreement between the forward problem (analytical 
solution) and the inverse problem (least squares estimation) on a 4 DOF mimicking chick 
embryo system made of brain, heart, liver and limbs. 
Overall, it appears that genome-wide monitoring of gene expression, in a translational 
approach involving engineering techniques, is important to understand the effect of 
mechanical and chemical conditioning of cells in vitro. The determination of biological 
or biomechanical parameters of cells and cell aggregates brings to biologists and 
biochemists, additional information essential to the advancement of knowledge on cell 
metabolism. These parameters include specific genes expression, cell differentiation, 
absorbance level and NAC in surrounding medium generated by cell growth, modal 
parameters of cell aggregates in morphogenesis, and others, which have been investigated 
in this thesis. The parameters might provide important information for improving 
therapeutic strategies applicable in a clinical setting. The techniques presented offer the 
opportunity to minimize the use of invasive diagnosis methods while avoiding loss of 
time due to repeated investigations of different sets of samples. Moreover, they provide 
new avenues for non-invasive characterization of cells or cell aggregates in response to 
different types of excitation. This new direction can help elucidating the effect of 
common chemical, physical, or mechanical potential pollutants on cells (or cell 
aggregates) in vitro. These pollutants include absorption of nanoparticles, changes in 
surface energy and mechanical properties, and can be used in conjunction with drug 
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testing. Therefore, an effective new drug discovery and development can be implemented 
based on some of the techniques presented in this thesis.   
8.2 Future works 
MEMS in biology is becoming one of the most spectacular fields of applications 
nowadays in the Microsystems community. In fact, MEMS technology and its 
applications have in general grown at a tremendous pace, while structural dimensions 
have grown smaller and smaller, reaching down even to the molecular level. 
Consequently, due to the low cost and biocompatibility of PDMS, the implementation of 
a time-limited and low-cost high-throughput-screening protocol for cell analysis and drug 
testing is achievable. This can be performed in real time, so that cell responses can be 
monitored as they happen. This will be advantageous in that it is non-invasive, meaning 
that cell behavior is not compromised and can be studied by several methods. 
There are over 200 different known cancers that afflict humans and the results obtained in 
this thesis open to more extensive future collaboration between engineers and biologists 
toward the investigation of other markers relevant to the pathogenesis of cancer in vitro. 
More generally, a biomarker is anything that can be used as an indicator of a particular 
state of a disease; therefore, the techniques suggested in this thesis could be extended to 
the measure of characteristics that reflects the severity or presence of some disease state. 




These future developments will most probably enhance knowledge of semi-analytical and 
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Appendix A: Index of biological and medical terms used in this 
thesis 
Antigenic: something that is of or related to antigen. An antigen is a substance that when 
introduced into the body stimulates the production of an antibody. 
Antineoplastic: acting to prevent, inhibit or halt the development of a tumor. 
Apoptosis: process of programmed cell death that may occur in multicellular organisms. 
Carcinogenesis: process by which normal cells are transformed into cancer cells. 
Chemotherapy: treatment of cancer with an antineoplastic drug or with a combination of 
such drugs into a standardized treatment regimen. 
Cell differentiation: process by which a less specialized cell becomes a more specialized 
cell type. 
Cytokines: small cell-signaling protein molecules that are secreted by numerous cells 
and are a category of signaling molecules used extensively in intracellular 
communication. 




Downregulated genes: genes that regulate some aspect of the cell or body by downing 
the production (or sequencing) of something. 
Ectomesenchyme: a mass of tissue consisting of neurocrest cells present in the early 
formation of an embryo. 
Endocytosis: process by which cells absorb molecules (such as proteins) by engulfing 
them. 
Fibroblast: a type of cell that synthesizes the extracellular matrix and collagen, the 
structural framework (stroma) for animal tissues, and plays a critical role in wound 
healing. 
Genomics: a discipline in genetics concerned with the study of the genomes of 
organisms. The genome is the entirety of an organism's hereditary information. 
Immunocytochemistry: a common laboratory technique that uses antibodies that target 
specific peptides or protein antigens in the cell via specific antigenic determinants 
Immunofluorescence: a technique used for light microscopy with a fluorescence 
microscope and used primarily on biological samples. 
Immunotherapy: medical term defined as the treatment of disease by inducing, 
enhancing, or suppressing an immune response. 
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Macrophage activation: process of altering the morphology and functional activity of 
cells produced by the differentiation of monocytes in tissues, so that they become avidly 
phagocytic. 
Metabolomics: scientific study of chemical processes involving the intermediates and 
products of the set of chemical reactions that happen in the cells of living organisms to 
sustain life. 
Metastasis: spread of a disease from one organ or part to another non-adjacent organ or 
part. 
Neuroblastoma: most common extracranial solid cancer in childhood and most common 
cancer in infancy. 
Oncolytic agent: an agent that preferentially destroys cancer cells. 
Phagocytosis: the engulfing of microorganisms or other cells and foreign particles by 
white blood cells that protect the body. 
Pharmacogenomics: branch of pharmacology which deals with the influence of genetic 
variation on drug response in patients by correlating gene expression with a drug's 
efficacy or toxicity. 
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Phenotype: composite of an organism's observable characteristics or traits such as its 
morphology, development, biochemical or physiological properties, behavior, and 
products of behavior. 
Primer: a strand of nucleic acid that serves as a starting point for DNA synthesis. 
Proteins: vital parts of living organisms that are the main components of the 
physiological transformation of cells. 
Proteomics: large-scale study of proteins, particularly their structures and functions.  
Sympathoblast: a pluripotential cell in the embryo that will develop into a sympathetic 
nerve cell. 
Toxicogenomics: field of science that deals with the collection, interpretation and storage 
of information about gene and protein activity within particular cell or tissue of an 
organism in response to toxic substances. 
Transcription regulation: change in gene expression levels by altering transcription 
rates. 
Transdifferentiation: process where one mature biological cell transforms into another 




Trypsinization: a process of using trypsin, a proteolytic enzyme which breaks down 
proteins, to dissociate adherent cells from the vessel in which they are being cultured. 
Upregulated genes: genes that regulate some aspect of the cell or body by upping the 
production (or sequencing) of something. 
Western blot: a widely accepted analytical technique used to detect specific proteins in 
the given sample of tissue homogenate or extract. 
 
